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ABSTRACT
The resorcinarenes are remarkable cyclic aromatic tetramers whose 
impressive impact in the disciplines of molecular recognition, materials science and 
supramolecular chemistry has been the subject o f extensive study and recent 
review. The potential utility of these materials as chemosensors, catalysts, energy 
storage and drug delivery agents has been studied or proposed. Research involving 
resorcinarene molecular containers (careceplexes, carecerands, hemicarcerands) has 
resulted in landmark achievements including the stabilization of encapsulated 
cyclobutadiene and benzyne. Functionalization of the resorcinarene lower rim has 
begun to attract attention as a means to enhance the properties of the parent 
macrocycles. There has been only one report (1989), however, describing the 
extension of their lower cavity conjugation. We have performed direct, fourfold 
conjugation extension o f the lower rim. Our findings would allow for the 
fabrication of heteropolyfunctional, directional molecular scaffolds embodying new 
receptors and supramolecular materials. We have thus (1) performed a gram scale 
synthesis and direct isolation of boronic acid functionalized stereoisomeric 
resorcinarenes; (2) polyfunctionalized at divergent macrocyclic sites, affording 
chiral and achiral resorcinarene octols and cavitands; (3) presented preliminary 
evidence that the relatively little-explored C2h resorcinarenes can compete 
effectively with their C4v counterparts in both covalent and non-covalent binding of 
polar guests; (4) reported their use in the colorimetric differentiation of 
carbohydrates; and (5) extended the lower cavity by fourfold aryl coupling under 
Suzuki conditions.
x
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CHAPTER 1
INTRODUCTION 
1.1 Discovery of Resorcinarenes
While studying the synthesis of phenol-based dyes, Adolf von Baeyer11 
discovered a new class of compounds known as resorcinarenes.12 He found that a 
reddish product was obtained when benzaldehyde was mixed with resorcinol in the 
presence of sulfuric acid. It was also noted that the reddish material turned violet in 
the presence of base. In 1883, Michael13 determined the elemental composition of 
the product to be (C,3H10O2)n. He concluded that the product was formed by 
reacting an equal number of moles of resorcinol and benzaldehyde with a loss of an 
equal number of moles of water. Nierdl and Vogel14 determined the correct 
composition to be formed from a 4:4 ratio of resorcinol and benzaldehyde in 1940 
by studying several condensation reactions involving aliphatic aldehydes and 
resorcinol. They proposed the product to be a cyclic tetramer (1.1) similar to those 
found in nature such as porphyrins. Erdtman later proved this structure in 1968 by 
X-ray analysis (Figure 1.1).1-3
1.2 Resorcinarene Synthesis
Resorcinarenes are usually prepared from the acid-catalyzed condensation of 
resorcinol and a substituted aldehyde. The reactions are commonly carried out in an 
ethanol/HCl mixture. The resulting product usually precipitates out, but in some 
cases an aqueous alcoholic solution is used in order to facilitate this process.1'6 
Generally unsubstituted resorcinol is used; however, there are cases where the 2- 
position has been substituted with -O H  or -CH 3.1'7 There are few limitations to the 
types of aldehydes used with the two most notable exceptions being aliphatic
1
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Figure 1.1. Proposed cyclic tetramer by Niederl and Vogel.
The mechanism for the formation of resorcinarenes is well known.1'8 The 
first step involves the protonation of the aldehyde (Figure 1.2). This is followed by 
an electrophilic addition to resorcinol. The resulting —OH is protonated forming 
H20  which is lost. This species undergoes an electrophilic addition with a second 
resorcinol forming a dimer. This process is repeated forming trimers, tetramers, and 
higher polymers. Cyclization usually occurs at the tetramer stage forming a 
resorcinarene. This cyclization is due to their conformation which is bent in order 
to form stronger hydrogen bonds between phenolic groups on adjacent resorcinol 
units.
2
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RCHO X  * HtxO r°H H C k ^ ^ O H
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Figure 1.2. Proposed mechanism for the acid-catalyzed synthesis of resorcinarenes.
Theoretically, resorcinarenes can exist in several isomeric forms. These 
forms are governed by three factors. The first is the conformation of the 
macrocyclic ring. Five symmetrical conformations (Figure 1.3) are possible: the
3
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crown (C4v), boat (C2v), chair (C2A), diamond (C,), and saddle (D2rf). The two most 
common forms are the boat and chair. The boat conformation is often reported as

















HO" ^  OH 
saddle (D2d)
Figure 1.3. Macrocyclic ring conformations.I 2a
being a crown. This is due to the fact that two boat conformers are present and 
usually interconvert quickly giving a time-averaged crown structure. The boat, 
chair, and diamond isomers have a diastereomeric relationship. Interconversion can 
only occur upon the breaking of at least two covalent bonds. The ratio in which the 
isomers are formed vary widely depending on reaction conditions. The 
thermodymanic stability of the different isomers usually determines their ratio under 
homogeneous conditions due to the fact that these reactions are reversible under
4
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acidic conditions. Under heterogeneous conditions, product solubility is the main 
determining factor with the least soluble isomer usually being the major product. 
The second factor is the relative configuration of the substituents at the methylene 
bridges (Figure 1.4). The third factor is the individual configuration of the 
substituents which can be either axial or equitorial. Despite the large number of 
isomers possible, only four have been observed experimentally.
Rcctccc
Rctt R tct
Figure 1.4. Relative configuration of substituents at the methylene bridge.1'23 
1.3 Cavitands
The phenolic groups of resorcinarenes can be bridged to form a class of 
compounds known as cavitands.1'9 Methylene-bridged cavitands are the most 
common, but heterophenylene-, silyl-, and phosphoryl-bridged cavitands also exist. 
The bridging groups enforce the upper rim cavity. The cavity is concave in nature 
allowing host-guest interactions which usually occur within the cavity.110
5
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Methylene-bridged cavitands are generally formed by reacting a boat isomer with a 
bridging agent such as CH2BrCl in polar aprotic solvents. A carbonate base is 
commonly used to create the tetraphenolate which then reacts with the bridging 
agent. Reaction yields are highly dependent on reaction conditions. Typical, yields 
are less than 20% ;IU however, yields can be dramatically increased by the 
introduction of bromine or an alkyl group at the Reposition (Figure 1.5).
Figure 1.5. Methylene-bridged cavitands.
1.4 Complexation of Cations
Resorcinarenes are generally soluble in alkaline media. The first set of four 
phenolic protons of boat isomers are much more acidic than the second set. This is 
due to the formation of a pseudo crown conformation of the tetraphenolate. The 
tetraphenolate is highly stable by virtue of charged hydrogen bonding. Schneider 
and others have exploited their features to develop new hosts for cations (Figure 
1.6).112 Trialkylammonium cations have been o f particular interest. 
Tetraphenolates have exhibited stronger binding affinities for these compounds than 
receptors found in nature.I I2d This intense binding interaction is based solely on the
6
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electrostatic interaction and is not greatly affected by ionic strength or solvent 
polarity.
The ammonium cation that has attracted the most attention in these studies is 
the neurotransmitter acetyl choline. The binding and hydrolysis of acetyl choline is
Figure 1.6. Tetraphenolate binding of alkyl ammonium cations.
an important step in the transmission of nerve signals.113 The positively charged 
ammonium cation which is near the reaction center accelerates the hydrolysis 
process by stabilizing the negative charge. Upon complexation to tetraphenolates 
the hydrolysis rate drops by a factor of 10. Tetraphenolates have a very high 
affinity for acetyl choline. Inouye and co-workers have utilized this feature to 
develop a very selective detection system for acetyl choline.114 The system employs 
a fluorescent pyrene-modified iV-alkylpyridinium whose fluorescence is quenched 
upon complexation with the tetraphenolate. When acetyl choline is added to the 
solution, the fluorescence is regenerated on account of the tetraphenolate’s higher 
affinity for acetyl choline.
Cavitands have also been used as molecular hosts. Unlike tetraphenolates, 
binding can occur under neutral conditions. Cavitands have been used to bind
7
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ammonium cations, alkali metals, and metal cations. Functionality which promotes 
host-guest interactions are generally placed at the Repositions (Figure 1.5). 
Nitrogen and/or oxygen are usually incorporated into these substituents. Paek and 
co-workers reported the synthesis and binding properties of methylene-bridged 
cavitands which incorporated imidazoyl, pyrazolyl, and indazolyl functionalities.115 
As more research has been conducted in this area, more effective and selective 
molecules have been designed. In 1999, Lemaire and co-workers reported the 
synthesis and cesium binding properties of a water-soluble cavitands.116
1.5 Binding of Polar Organic Molecules
Aoyama and co-workers were the first to study the complexation of polar 
organic molecules using resorcinarenes.117 As with most of the resorcinarene 
research, boat isomers were employed. A large portion of their research focused on 
the binding of cyclohexanediols. It was found that cis-1,4-cyclohexanediol was 
most strongly bound of the isomers studied.118 This observation is due largely to its 
pre-organization which allows for more favorable interactions between the hydroxyl 
groups. The interactions of the cis isomers were 8 times stronger than 
corresponding trans isomers. Open chain diols exhibited much weaker binding 
interactions compared to their cyclic counterparts.1'19
Resorcinarenes can also bind carbohydrates. The 1,4-cw selectivity is also 
observed with sugar complexation.1-20 D-Ribose which is insoluble in CC14 is 
imparted some degree of solubility upon complexation with resorcinarenes. NMR 
studies have shown that it is bound exclusively in the a-pyranose form which is the 
only isomer possessing the 1,4-c/s orientation. Additional extraction experiments 
have shown that a 3,4-cis arrangement strongly enhances binding. The C-2 
hydroxyl does not play a major role in the binding process. Hydrogen bonding is 
the major factor governing complexation; however, CH-rt interactions between the
8
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aliphatic moiety of the guest and the aromatic rings of the resorcinarenes also makes 
a significant contribution.121
Resorcinarenes have also shown ability to bind amino and carboxylic 
acids.122 Amino acid complexations have only been investigated in water. Amino 
acids with polar side groups exhibit meager binding. Amino acids containing 
aliphatic and aromatic side groups showed much better interactions due to greater 
CH -tc interactions. Resorcinarenes hydrogen-bond with dicarboxylic acids in 
chloroform. The strength of the binding interactions is dependent upon the number 
of carbon spacers between the carboxylic moieties. Glutaric acid which has a three- 
carbon spacer is bound over a hundred times stronger than pimelic acid which has a 
five-carbon spacer.1226 
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CHAPTER 2
TETRAARYLBORONIC ACID RESORCINARENE STEREOISOMERS.
VERSATILE NEW SUBSTRATES FOR DIVERGENT 
POLYFUNCTIONALIZATION AND MOLECULAR RECOGNITION*
2.1 Introduction
The resorcinarenes are unique three-dimensional cyclic aromatic tetramers.
Their impact in the disciplines of molecular recognition, supramolecular chemistry,
2.1
and materials science has been the subject of extensive study and review. Boronic
acids have achieved great prominence as functional groups. They have been
2.2
employed in palladium-mediated coupling reactions, carbohydrate recognition and
2.3 2.4 2-5
sensing, enzyme inhibition and molecular transport studies. They readily form
strong (and reversible) covalent bonds to diols (the basis of carbohydrate affinity 
2.6
chrom atography) and boronate esters are utilized as efficient asymmetric
2.7 2 8
homologation substrates and catalysts. The incorporation of arylboronic acid 
moieties into resorcinarene frameworks might thus afford access to an array of 
heterofunctional architectures. We have synthesized, derivatizatized, and studied 
the properties of a  new tetraarylboronic acid resorcinarene stereoisomeric molecular 
series 2.1a-c and 2.2a-c as well as cavitands 2.3 and 2.4.
♦Reprinted with permission from Journal o f  Organic Chemistry, 1997, Volume 62, 
pages 6110-6111; Patrick T. Lewis, Claude J. Davis, Mareclo C. Saraiva, W. Dale 
Treleaven, Tracy D. McCarley, and Robert M. Strongin; Tetraarylboronic Acid 
Resorcinarene Stereoisom ers. Versatile New Substrates For D ivergent 
Polyfunctionalization And Molecular Recognition. Copyright 1997 American 
Chemical Society.
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2.2 Results and Discussion
It is well known that the acid-catalyzed condensation of aldehydes with
resorcinol affords two major resorcinarene stereoisomers in respective crown (rccc,
2 1C4v symmetry) and chair (rctt, C2h symmetry) conformations. Heating 4-
formylphenylboronic acid (10.0 g, 67.2 mmol) in 75 mL of a 2:2:1 solution of
EtOH:H20:H C I with resorcinol (7.40 g, 67.2 mmol) for 24 h furnishes a precipitate
containing 16.0 g (96%) of a 3:2 mixture of 2.2a:2.1a, Attempts at refining the
stereoisomer ratio via prolonged heating of the reaction mixture leads to intractable
products; however, 2.1a and 2.2a can be directly separated (i.e., without prior
2.1
acetylation of the phenolic hydroxyls ) via repeated fractional crystallization from 
hot methanol.
The vast majority of resorcinarene chemistry reported to date has involved 
reactions at the resorcinol moieties of crown stereoisomers,21 however, the 
functionalization of substituents proximal to the macrocyclic ring (i.e., at the 
appendages derived from the aldehyde condensation partner) has begun to attract
2.9
attention as a means to enhance the properties of the parent macrocycles. The
Botta group has reported the synthesis of octamethylether resorcinarenes with chiral 
2.10
amide appendages. Others have placed chiral substituents such as amino acids
2.11ortho to the phenolic hydroxyls via Mannich chemistry. Our synthesis of 
boronate esters 2.1b and 2 .2b  complements these studies, affording the first 
resorcinarene octols embodying chiral moieties at either (1) the lower rim of a 
crown (C4v) stereoisomer or (2) as part of a chair (C2h) framework, respectively. The 
(-)-pinanediol boronate esters 2.1c, [cr]^9 +10.8° (c= 4.1, DMF) and 2.2b, [a]^9 - 
12.4° (c = 4.1, DMF) are obtained in 78% and 75% isolated yields, respectively, by 
heating a solution of 2.1a or 2.2a and excess lk ,  2It, 3S, 51̂ 1—(—)—pmanediol (6 
equiv) in DMF at 110 °C for two days in the presence of Na2S 0 4. In similar fashion,
12
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Figure 2.1. Synthesis of tetraarylboronic acid stereoisomeric resorcinarenes.
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Figure 2.2. Chiral and achiral tetraarylboronate resorcinarenes.
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pinacol esters 2.1 c and 2.2 c are both furnished in 72 and 77% yields via reaction of
2.1 a and 2.2 a  with excess pinacol.
Bridged resorcinarenes (cavitands) have played major roles in the study of
molecular recognition via non-covalent interactions and as substrates for advanced
2.1
architectures such as carceplexes and hemicarceplexes. The chiral tetraboronate
cavitand 2.3, [«]^9 -6.5° (c = 2.74, CHiCk), is afforded in 22% isolated yield via
reaction of 2.1b (0.40 g, 0.26 mmol) with 4.6 equiv BrCH2Cl in the presence of
K2C 0 3 in DMA for 96 h, based on Sherman’s recent procedures.2'9'1 Similarly, 2.4
derives from 2.1c in 13% yield.
We next turned our attention to the molecular recognition properties of the
new stereoisomeric octols 2.1a-c and 2.2a-c. The crown isomeric (C4v)
resorcinarenes have been extensively studied as molecular hosts whereas the chair
2 . 1
(C2h) macrocycles have not received attention. Investigations of the related
calixarenes, however, revealed that 1,3 alternate conformers could actually bind
guests more efficiently than their cone (all-cis) counterparts, an unexpected result
2.12
that was attributed to favorable n- interactions. Based on those findings and the 
fact that the C2h compounds (series 2.2) described herein embody divergent n- 
functionality on each facet of a double molecular cleft, we initiated investigations 
aimed at contrasting the binding properties of the series 2.1 and 2.2 resorcinarenes.
Claude Davis compared the covalent binding of 2.1a vs. 2.2a to D-glucose. 
Solutions of 2.1a or 2.2a at fixed concentrations (1.03 x 10‘5 M in DMSO-d6, 5 mg 
in 1 mL) were stirred at room temperature with varying amounts of D-glucose for 24 
h without rigorous removal of water. Successive disappearance of the boronic acid 
proton resonances was monitored by 'H NMR.The chair stereoisomer 2.2a exhibited 
a greater (12-28% greater decrease in boronic acid proton integral) degree of 
covalent interaction in DMSO-d* with glucose than did C4v 2.1a.
15
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BrCICH2, K2C 0 3 
DMA
(13-22% )
2 .3  Y=B^
2 .4  Y=
Figure 2.3. Chiral and achiral cavitands.
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In order to contrast the non-covalent binding properties of the stereoisomers, 
Davis explored the solid-liquid extraction of D- and L- fucose. Importantly, 2.1b and 
2.2b are soluble in CC14; previously, Aoyama utilized resorcinarenes with long 
chain alkyl substituents in order to confer solubility in organic solvents and perform 
extractions of polar molecules.1'13 Davis dissolved 2.1b or 2.2b (81.2 mg, 0.0540 
mmol) in 6 mL of CC14 over 24 h and then added (400 mg, 2.44 mmol) either D- or 
L-fucose (insoluble in CC14). Vigorous stirring at ambient temperature was 
continued for 3 days at which time the solutions were centrifuged and filtered. The 
lH NMR spectra revealed the amount of extracted fucose via comparison of the 
integral areas of the fucose methyl protons with those of the NaOAc standard 
methyl protons. The molar extractability (moles fucose extracted/moles 
macrocycle) of D- and L- fucose by 2.1b was determined to be 0.4 and 0.07, 
respectively. The extractabilities were 2.4 for D- and 0.7 for L- fucose by 2.2b. 
Thus, both 2.1b and 2.2b exhibited greater stereoselectivity for D- over L-fucose 
and, in both the covalent and non-covalent binding experiments, the C2h (rctt) 
stereoisomers exhibited stronger affinity for the carbohydrates studied.
2.3 Conclusions
In conclusion, we have (1) performed a gram scale synthesis and direct 
isolation o f boronic acid functionalized stereoisomeric resorcinarenes; (2) 
polyfunctionalized at divergent macrocyclic sites, affording unique chiral and 
achiral resorcinarene octols and cavitands; (3) presented preliminary evidence that 
the relatively little-explored C2A resorcinarene octols can compete effectively with 
their C4v counterparts in both covalent and non-covalent binding of polar guests; and 
(4) demonstrated the potential utility of the chiral tetraarylboronate octols as 
substrates for stereoselective extractions. The continued exploration of the chemical
17
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and physical properties of the boronic acid-derived resorcinarenes is ongoing in our 
laboratory.
2.4 Experimental Procedures
G eneral. All chemicals were purchased from the Aldrich Chemical 
Company and used without further purification. NMR and I3C NMR spectra 
were acquired With Bruker AC-200, Bruker AC-250, or Bruker AM-400 
spectrometers. Residual lH signals from deuterated solvents were used as a 
reference unless TMS (8 0.00) was present. FAB mass spectra were acquired with a 
Finnigan MAT 900 double focusing mass spectrometer or a Finnjgan TSQ-70 triple 
quadropole mass spectrometer equipped with a liquid SIMS ionization source. IR 
spectra were obtained using a Perkin Elmer FT-ER Spectrometer 1760 X. A 
Beckman DU-7 spectrophotometer was used to obtain UV spectra. Optical rotations 
were acquired using a Jasco 370 digital polarimeter.
Tetraarylboronic acid resorcinarene stereoisomers 2.1a and 2.2a. To a 
solution of resorcinol (7.40 g, 67.2 mmol) and 4-formylphenylboronic acid (10.0 g,
67.2 mmol) in 30 mL of EtOH and 30 mL of H20, 15 mL of concentrated HCI was 
added drop wise. The mixture was stirred at 75 °C for 24 hours under N2. The 
reaction mixture was cooled in an ice bath for one hour and filtered. The precipitate 
was washed with water and dried yielding 16.0 g (96%) of a 3:2 mixture of 
2.2a:2.1a. The two stereoisomers were separated by heating a slurry in MeOH at 
reflux (1 g solid / 20 mL of MeOH), cooling overnight, and filtering. The 
precipitate and evaporated filtrate were subjected to the preceding procedure two 
more times afforded 2.08 g of 2.1a (from precipitates) and 1.58 g of 2.2a (from 
filtrates) after drying, the remainder being a mixture which was not subjected to 
further separation. (2.1a) m.p.>300 °C; *H NMR (400 MHz, (CD3)2SO) 5 5.61 (s, 
4H, CH), 6.11 (s, 4H, ArH ortho to OH), 6.42 (s, 4H, ArH meta to OH), 6.70 (d, J  =
18
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8 Hz, 8H, ArH meta to BCOH)^, 7.40 (d, /  = 8 Hz, 8H, ArH ortho to BCOH)^, 7.68 
(s, 8H, B(OH)2), 8.54 (s, 8H, OH); I3C NMR (100 MHz,(CD3)2SO) 8 18.7, 41.7,
56.4, 102.7, 121.0, 128.5, 134.0, 148.8, 153.6; IR (KBr) 3363, 2929, 2858, 1615, 
1519, 1361, 1204, 1072 c m 1; uv (MeOH) 211 nm; FAD-MS m/z 1192.6 [M + 4 
glycerol-8 H20]+. (2.2a) m.p.>300 °C; lH NMR (200 MHz, (CD3), SO) 5 5.55 (s, 
4H, CH), 5.91 and 6.38 (s, 4H ArH meta to OH), 6.11 and 6.32 (s, 4H, ArH ortho to 
OH), 6.35 (d, /  = 8 Hz, 8H, ArH meta to BODH)^, 7.30 (d, J  = 8 Hz, 8H, ArH ortho 
to B(OH),), 7.53 (s, 8H, B(OH)j), 8.44 and 8.57 (s, 8H, OH); l3C NMR (100 
MHz,(CD3)2SO) 5 42.3, 101.5, 101.9, 120.3, 121.1, 128.0, 131.5, 133.1, 146.5,
152.7, 152.8; IR (KBr) 3348, 1614, 1518, 1360, 1208, 1081, 1015 cm '1; uv (MeOH) 
211 nm; FAB-MS m/z 1192.5 [M + 4 glycerol- 8 H20]+.
Tetraarylboronate resorcinarene 2.1b. Resorcinarene 2.1a (0.509 g, 0.52 
mmol) was dissolved in 40 mL of DMF. To this solution was added lR,2R,35,5R-(- 
)-pinanediol (0.53 g, 3.1 mmol). The mixture was stirred over Na2S 0 4 under N2 at 
85 °C for 2 days. The mixture was cooled to room temperature and filtered through 
celite. The solvent was removed in vacuo. The resulting solid was slurried in ether, 
filtered, and dried yielding 0.56 g (72%) of a solid, m.p. >300 °C; *H NMR (250 
MHz, (CD3)2SO), 8 0.89 - 2.39 (60H, pinanyl), 4.49 (d, J=  8 Hz, 4H, pinanyl), 5.57 
(s, 4H, CH) 6.13 (s, 4H, ArH ortho to OH), 6.40 (s, 4H, ArH meta to OH), 6.75 (d, J  
= 8 Hz, 8H, ArH meta to B), 7.38.(d, /  = 8 Hz, 8H, ArH ortho to B), 8.61 and 8.64 
(s, 8H, OH); ,3C NMR (100 MHz,(CD3)2SO) 8 23.8, 26.1, 26.9, 28.5, 35.3, 37.8,
41.9, 51.1, 77.2, 85.4, 102.1, 119.9, 124.2, 127.9, 133.8, 149.9, 152.8; IR (KBr) 
3442, 2934, 1614, 1498, 1371, 1223, cm'1; uv (MeOH) 298 nm; [ a ] g 9 +10.82 
± 0.96° (c=4.1, DMF); FAB-MS m/z 1504.5 [M]+.
Tetraarylboronate resorcinarene 2.2b. Resorcinarene 2.2a (0.30 g, 0.31 
mmol) was dissolved in 25 mL of DMF. To this solution was added lR,2R,35,5R-(-
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)-pinanediol (0.32 g, 1.9 mmol). The mixture was stirred over Na2S 0 4 under N2 at 
85 °C for 2 days. The mixture was cooled to room temperature and filtered through 
celite. The solvent was removed in vacuo. The resulting solid was slurred in ether, 
filtered, and dried yielding 0.36 g (77%) of solid, m.p. >300 °C LH NMR (250 
MHz, (CD3)2SO) 5  0.88 - 2.38 (60H, pinanyl), 4.44 (d, /  = 8 Hz, 4H, pinanyl), 5.47 
and 5.59 (s, 4H, CH), 5.82 and 6.35 (s, 4H, ArH meta to OH), 6.11 and 6.41 (s, 4H, 
ArH ortho to OH ), 6.65 (m, 8H, ArH meta to B), 7.23 (m, 8H, ArH ortho to B), 
8.49, 8.52, 8.60, and 8.71 (s, 8H, OH); I3C NMR (100 MHz,(CD3)2SO) 8 23.8, 26.1,
26.9, 28.5, 35.3, 37.8, 42.3, 51.1, 77.1, 85.3, 101.8, 119.2, 120.7, 121.1, 128.4,
128.8, 129.5, 131.2, 133.5, 147.4, 148.9, 152.5, 153.0; IR (KBr) 3518, 2929, 1609, 
1508, 1406, 1371, 1234, 1086, 1015 cm:1; [ a ] § 9 - 12.40 ± 0.79° (c=4.1, DMF) uv 
(MeOH) A.raax 324 nm; FAB-MS m/z 1504.7 [M]+.
Tetraarylboronate resorcinarene 2.1c. Resorcinarene 2.1a (1.00 g, 1.03 
mmol) was dissolved in 75 mL of DMF. To this solution was added pinacol (0.98 
g, 8.3 mmol). The mixture was stirred over Na2S 0 4 under N2 at 110 °C for 2 days. 
The mixture was cooled to room temperature and filtered through celite. The 
solvent was rem oved in vacuo. The resulting solid was then slurried in ether, 
filtered, and dried yielding 1.05 9 (78%) of solid, m.p. >300 °C; lH NMR (400MHz, 
(CD3)2SO) 8 1.30 (s, 48H, CH3), 5.54 (s, 4H, CH), 6.11 (s, 4H, ArH ortho to OH), 
6.46 (s, 4H, ArH m eta to OH), 6.77 (d, J  = 8 Hz, 8H, ArH meta to B), 7.37 (d, J  = 8 
Hz, 8H, ArH ortho to B) 8.61 (s, 8H, OH); I3C NMR (100 MHz,(CD3)2SO) 8 24.6,
30.7, 42.0, 83.1, 102.1, 119.7, 127.9, 133.6, 150.0, 152.7; IR (KBr) 3388, 2975, 
2929, 1609, 1502, 1386, 1142, 1081 c m 1; uv (MeOH) 326 nm; FAB-MS m/z
1296.8 [M]+.
Tetraarylboronate resorcinarene 2.2c. Resorcinarene 2.2a (1.00 g, 1.03 
mmol) was dissolved in 75 mL of DMF. To this solution was added pinacol (0.98
20
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g, 8.3 mmol). The mixture was stirred over Na^SC^ under a nitrogen atmosphere at 
110 °C for 2 days. The mixture was cooled to room temperature and filtered 
through celite. The solvent was removed in vacuo. The resulting solid was then 
slurried in ether, filtered, and dried yielding 1.00 g (75%) of solid, m.p. >300 °C; 
‘H NMR (400 MHz, (CD3)2SO) 8 1.27 (s, 48H, CH3), 5.55 (s, 4H, CH), 5.99 and
6.42 (s, 4H, ArH meta to OH), 6.11 and 6.37 (s, 4H, ArH ortho to OH), 6.67 (d, J  = 
8 Hz, 8H, ArH meta to B), 7.23 (d, J  = 8 Hz, 8H, ArH ortho to B), 8.51 and 8.68 (s, 
8H, OH); 13C NMR (100 MHz,(CD3)2SO) 5 24.6, 42.3, 83.1, 101.5, 102.0, 120.1,
121.1, 128.7, 130.9, 133.5, 148.3, 152.8, 153.1; IR (KBr) 3436, 2985, 1619, 1502, 
1360, 1142, 1092 c m 1; uv (MeOH) 324 nm; FAB-MS m/z 1296.8 [M]+.
Cavitand 2.3. To a solution of CH2ClBr (0.08 mL, 1.19 mmol) and K2C03 
(0.36 g, 2.6 mmol) in 5 mL of DMA was added 2.1b (0.40 g, 0.26 mmol) in 5 mL of 
DMA via syringe pump over a period of four hours. The reaction was stirred at 
room temperature for three days under N2. An additional 0.08 mL of CH2ClBr was 
added and the solution was stirred at 40 °C for 24 h. Another 0.08 mL of CH2ClBr 
was added and the solution was stirred for an additional three days at 65 °C. The 
mixture was cooled to room temperature and the solvent removed in vacuo. The 
resulting solid was dissolved in CH3C1 and washed with H20 . The sample was 
purified by column chromatography using 35% EtOAc/hexane as the eluting 
solvent. The yield was 0.091 g (22%). m.p. >300 °C; *H NMR (400 MHz, CDCl3), 
8 0.92 - 2.45 (60H, pinanyl), 4.38 (d, /  = 8 Hz, 4H, CH(0)(C)(C)), 4.61 and 5.86 (d, 
J  = 7 Hz, 8H, pinanyl), 6.38 (s, 4H, CH), 6.70 (s, 4H, ArH ortho to OCH2), 6.95 (s, 
4H, ArH meta to OCH2), 7.32 (d, /  = 8 Hz, 8H, ArH meta to B), 7.78 (d, /  = 8 Hz, 
8H, ArH ortho to B); I3C NMR (100 MHz,(CDC13) 8 24.3, 26.8, 27.4, 28.9, 29.8,
35.8, 38.4, 39.9, 42.1, 51.6, 78.3, 86.1, 99.8, 116.8, 127.2, 128.2, 134.9, 137.7,
138.1, 142.6, 156.1; IR (KBr) 2924, 1609, 1498, 1360, 1284, 1092, 1020, 955 c m 1;
21
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
uv (2-butanone) 242 nm, [ a ] | |9 - 6.50 ± 0.75° (c = 2.74, CH2C12); FAB-MS 
m/z 1552.3 [M]+.
Cavitand 2.4. Compound 2.1c (0.500 g, 0.510 mmol), K2C 0 3 (0.662 g, 4.79 
mmol), and CH2LBr (0.14 mL, 2.2 mmol) were added to 10 mL of DMA. The 
mixture was stirred at room temperature under N2 for two days. After two days, an 
additional 0.14 mL of CH2ClBr was added. The reaction was heated to 60 °C, 
stirred for two days, cooled and filtered through celite. The solvent was removed in 
vacuo yielding 0.54 g of solid. The solid was purified by column chromatography 
employing 35% EtOAc/hexane as the eluting solvent followed by recrystallization 
from chloroform affording 0.089 g (13%) of a white crystalline solid, m.p. >300 
°C; ‘H NMR (250 MHz, CDC13) 8 1.33 (s, 48H, CH3), 4.60 and 5.86 ( d , /  = 7H z 
8H, CH2(0)(0)), 6.37 (s, 4H, CH), 6.69 (s, 4H, ArH ortho to OCH2), 6.94 (s, 4H, 
ArH meta to OCH2), 7.29 (d, J  = 8 Hz, 8H, ArH meta to B), 7.75 (d, J  = 8 Hz, 8H, 
ArH ortho to B); 13C NMR (100 MHz,(CDC13) 5 25.1, 42.1, 83.6, 99.9, 116.8, 127.2,
128.1. 134.9, 137.9, 142.6, 156.1; IR (KBr) 2980, 2919, 1614, 1492, 1406, 1360, 
1284, 1157, 1081, 1010, 965 cm'1; uv (2-.butanone) X ^  251 nm; FAB-MS m/z
1344.5 (M]+.
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CHAPTER 3
RESORCINARENES WITH DEEPENED POLYAROMATIC LOWER 
CAVITIES. SYNTHESIS AND STRUCTURE*
3.1 Introduction
In nature, interactions deriving from 7t-systems are of immense importance, 
influencing protein structure and molecular recognition.31 Conjugated organic 
materials are the basis of the burgeoning field of molecular electronics.3'2 Materials 
embodying extended, semirigid and well-defined 7t-cavities might therefore find 
utility as discriminating biomimetic molecular hosts for multipoint K-n, CH-n  and 
ion-Tt interactions. Calixarenes, attractive because of their preorganized, electron- 
rich 7t-cavity and versatility of properties,3'3 have been employed as substrates for 
aryl-aryl coupling reactions to lengthen their aromatic cavities with the goal of 
promoting binding with larger guests.34 X-ray structure analysis has shown, 
however, that severe conformational distortion (without prior rigidification of the 
macrocycle) occurs upon coupling to a biphenyl substituent.40
Resorcinarenes have also been extensively studied as 7t-rich, hydrogen 
bonding molecular hosts.3"5 The functionalization of the resorcinarene lower rim has 
begun to attract attention as a means to enhance the properties of the parent 
m acrocycles,3'6 but there is only one example describing direct conjugation 
extension of the lower rim.3 <5a We have reported the synthesis of a new class of
*Reprinted with permission from Journal o f  Organic Chemistry, 1998, Volume 63, 
pages 6065-6067; Patrick T. Lewis and Robert M. Strongin; Resorcinarenes With 
Deepened Polyaromatic Lower Cavities. Synthesis And Structure. Copyright 1997 
American Chemical Society.
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resorcinarenes embodying boronic acid substituents.3'7 We have performed the first 
direct, fourfold conjugation extension o f the resorcinarene lower rim employing 
Suzuki couplings featuring both octol and cavitand macrocyclic substrates including 
convenient, nonchromatographic product isolation. Importantly, the resorcinarene 
macrocyclic conformation is preserved upon lower cavity enlargement resulting in 
the creation of a deepened polyaromatic cleft.
3.2 Results and Discussion
Suzuki coupling reactions have several advantages over related 
methodologies including tolerance of a wide range of functionality and relatively 
low toxicity .3 8 Two macrocyclic substrates were chosen as Suzuki coupling 
partners (Figure 3.1). Compound 3.1 is synthesized in 72.4% yield via addition of a 
solution of the precursor octol tetrabromide3 6a (5.00 g, 4.51 mmol), DMF (150 mL) 
and MeOH (10 mL) to a solution of K2C 0 3(6.23 g, 45.1 mmol), DMF (100 mL) and 
CH2BrCl (1.32 mL, 20.3 mmol) over 30 h. The temperature is gradually increased 
from rt. to 65 °C over 7 days during which two more portions of CH2BrCl (1.32 mL,
20.3 mmol) are added. We observed that methanol improved the efficiency of the 
bridging reaction3'6'1'3'9 by aiding substrate solubility.
Compound 3.1 undergoes fourfold Suzuki coupling (Figure 3.2) with 
arylboronic acids containing electron donating or withdrawing groups to furnish the 
deepened lower cavity cavitands 3.3a-c as the only observed macrocyclic reaction 
products.310 A mixture of Pd(PPh3)4 (0.036 g, 0.031 mmol), 20 mL DMF, 
compound 3.1 (0.300 g, 0.259 mmol), K2C 0 3 (0.286 g, 2.07 mmol) and ArB(OH)2 
(0.139 g, 1.14 mmol) in 30 mL of a 2:1 solution of DMF:H20  is stirred under N2 for 
48 h at 65 °C. The solvent is removed in vacuo, and the residue is stirred in water, 
methanol and then filtered, and dried. The resultant solid is then stirred in ether,
25
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Figure 3.1. Synthesis of brominated cavitand.
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filtered and dried furnishing 3.3a in 71% yield. In a similar fashion, compounds 
3.3b and 3.3c are synthesized in 79% and 42% yields, respectively.
The great diversity of readily available aryl halides is an advantage of 
employing tetraaryl boronic acid 3.2 and congeners3'7 as Suzuki coupling substrates. 
Compound 3.2 undergoes fourfold Suzuki coupling (Figure 3.3) with iodobenzene 
to furnish a single macrocyclic product as evidenced by [H NMR. Pd(PPh3)4 (0.107 
g, 0.093 mmol), compound 3.2 (0.750 g, 0.774 mmol), K2C 0 3 (0.856 g, 6.19 mmol), 
and iodobenzene (0.38 mL, 3.41 mmol ) in 50 mL of a 4:1 solution of DMF:H20  is 
stirred under N2 for 48 h at 65 °C. The solvent is removed in vacuo, and the 
resultant residue is stirred in water and then methanol, filtered, and dried. The solid 
is then stirred in ether, filtered, and dried yielding compound 3.4a in 26% yield. 
This compound was previously reported as a reaction mixture component along 
with its chair stereoisom er using direct resorcinol condensation with 4- 
biphenylcarboxaldehyde.311 The NMR spectrum of 3.4a obtained via Suzuki 
coupling is identical to the crown stereoisomer component of the condensation 
reaction.
Compound 3.2 also undergoes Suzuki coupling with 4-bromobiphenyl 
affording compound 3 .4 b  which was purified and characterized as the 
corresponding octaacetate. In contrast to the triphenyl calixarene analog,34c ‘H 
NMR evidence indicates that all four resorcinarene triphenyl appendages reside on 
the same face of the macrocyle and that the macrocycle conformation is preserved. 
The octaacetate displays the well-known, characteristic chemical shift pattern of a 
typical acylated resorcinarene [(acetate protons (2.12 and 2.14 ppm, 24 H), methine 
protons (5.66 ppm, 4 H), aromatic protons (6.52 and 6.62 ppm, 4 H; 7.07 and 7.21 
ppm, 4 H )]312 directly derived from a C4vcrown octol.3'13
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a  Fh = H, R2 = H 71% 
b R-| = H, R2 =OCH3 79% 
C R-i = N 0 2( R2 = H 42%
Figure 3.2. Extension of aromatic cavity of cavitand 3.1 by one aryl group.
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3.4
a X = I, R = H 26% 
b X = Br, R = Ph 11 % (octaacetate)
Figure 3.3. Extension of aromatic cavity of octol 3.2
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3.3 Conclusions
In conclusion, we have demonstrated the utility of resorcinarenes with aryl 
halide or boronic acid lower appendages as fourfold Suzuki coupling substrates. 
Importantly, the conformation of the macrocycle is not prone to  severe distortion 
upon lower cavity enlargement. Extended resorcinarenes mighit not otherwise be 
readily attainable via direct resorcinol/aldehyde condensation conditions which are 
often sensitive to functionality and can afford unfavorable or intractable 
stereoisomeric mixtures. The resorcinarene upper rim is left available for host-guest 
contacts or chemical modification. This strategy should bes amenable to the 
coupling of larger oligomers as well as heteroaromatics amd polyenes. The 
fabrication of conjugated 7t-cavities of increased complexity and  the detailed study 
of their properties is currently in progress in our laboratory.
3.4 Experimental Procedures
General. All solvents used for Suzuki coupling reactions were degassed. 
All other chemicals were reagent grade (Aldrich or Lancaster) and used without 
further purification. The ‘H NMR spectra were obtained with a Bruker AC-200, 
Bruker AC-250, or Bruker AM-400 spectrometer. Residual lH signals from 
deuterated solvents were used as a reference unless TMS (8 0.003 was present. 13C 
NMR spectra were acquired with a Bruker AM-400 spectrometer. FAB mass 
spectra were obtained with a  Finnigan MAT 900 double focusing mass spectrometer 
or a Finnigan TSQ-70 triple quadrapole mass spectrometer equipped with a liquid 
SIMS ionization source. MALDI experiments were performed -with a PerSeptive 
Biosystems Voyager linear mass spectrometer employing a nitrogen laser with a 
wavelength of 337 nm. IR spectra were acquired using a Perkin Elmer FT-IR 
Spectrometer 1760 X. A Beckman DU-7 spectrophotometer was used to obtain uv 
spectra.
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Cavitand 3.1. The tetrabromo octol3 6:1 (5.00 g, 4.51 mmol) in 50 mL DMF / 
10 mL MeOH was added to a solution of potassium carbonate (6.23 g, 45.1 
mmol), 100 mL DMF, and bromochloromethane (1.32 mL, 20.3 mmol) via syringe 
pump over 30 hours. The reaction was then stirred at room temperature under 
nitrogen for two days. An additional 1.32 mL (20.3 mmol) o f bromochloromethane 
was added. The reaction was heated to 45 °C and stirred for 24 hours. An 
additional 1.32 mL (20.3 mmol) of bromochloromethane was added and heated for 
two days at 65 °C. The reaction mixture was filtered and the resulting solid dried in 
vacuo and stirred in 50 mL of water and 50 mL of ethyl ether. 3.78 g (73.4 %) of 
product was obtained. m.p. >300 °C; lH NMR (400 MHz, CDC13) 6 4.58 and 5.86 
(d, J=  7.2 Hz, 8H), 6.31 (s, 4H), 6.70 (s, 4H), 6.83 (s, 4H), 7.18 (d, J =  8.3 Hz, 8H),
7.42 (d, J  = 8.4 Hz, 8H); l3C NMR (100 MHz, CDC13) 541 .5 , 99.8, 117.2, 121.0,
126.4, 130.5, 131.4, 137.7, 138.6, 156.2; u v X ^  288.5 nm (DMSO); FAB-MS m/z
1156.1 M+.
Procedure A. Cavitand 3.3a. To a 3-neck 100 mL round bottom flask was 
added Pd(PPh3)4 (0.036 g, 0.031 mmol) and 20 mL of DMF under N,. Cavitand 3.1 
(0.300 g, 0.259 mmol) dissolved in 10 mL of DMF, potassium carbonate (0.286 g,
2.07 mmol) dissolved in 10 mL of water, and phenylboronic acid (0.139 g, 1.14 
mmol) dissolved in 10 mL of DMF were added stepwise via syringe to the reaction 
mixture. The reaction was stirred under N2 for 2 days at 65 °C. The solvent was 
removed in vacuo and the resultant solid was stirred in 50 mL of MeOH and 50 mL 
of ether. The solid was filtered and dried yielding 0.210 g (71 %) of product, m.p. 
>300 °C; ‘H  NMR (400 MHz, CDC13) 8 4.65 and 5.90 (d, /  = 7.1 Hz, 8H), 6.48 (s, 
4H), 6.74 (s, 4H), 7.13 (s, 4H), 7.13 - 7.53 (m, 36H); 13C NMR (100 MHz,(CDC13) 5
41.7, 99.9, 117.0, 127.1, 127.3, 127.4, 128.9, 138.0, 138.9, 139.5, 140.8, 156.2; uv 
A.max 289 nm (DMSO); FAB-MS m/z 1145.9 M+
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Cavitand 3.3b. Procedure A was used employing cavitand 3.1 (1.00 g, 
0.865 mmol) and 4-methoxyphenyl boronic acid (0.577 g, 3.80 mmol). Yield: 
0.865 g (79 %). m.p. >300 °C; ‘H NMR (400 MHz, CDC13) 5 3.84 (s, 12H), 4.64 
and 5.89 (d, /  = 6.9 Hz, 8H), 6.46 (s, 4H), 6.73 (s, 4H), 6.86 (d, /  = 8.4 Hz, 8H),
7.11 (s, 4H), 7.37 - 7.47 (m, 24H); l3C NMR (100 MHz,(CDCl3) 5 41.7, 55.5, 99.9,
114.3, 116.9, 126.7, 127.1, 128.4, 129.3, 133.4, 138.1, 138.2, 139.1, 156.2, 159.2; 
uv 341.0 nm (DMSO); MALDI m/z 1265.4 M+.
Cavitand 3.3c. Procedure A was used employing cavitand 3.1 (0.600 g, 
0.518 mmol) and 3-nitrophenyl boronic acid (0.380 g, 2.28 mmol). Yield: 0.286 g 
(42 %) of product. m.p. >300 °C; ‘H NMR (400 MHz, DMF-d7) 5 4.70 and 5.97 (d, 
J  = 7.6 Hz, 8H), 6.40 (s, 4H), 6.89 (s, 4H), 7.60 - 8.45 (m, 36H); l3C NMR (100 
MHz, DMF- d7) 8 42.7, 117.8, 121.8, 123.0, 127.6, 129.8, 130.8, 131.4, 133.8,
136.6, 138.7, 142.5, 149.9, 157.0; IR (KBr) NOz 1533 and 1340 cm 1; uv X ^  277.5 
nm (DMF); MALDI m/z 1365.8 (M + K)+.
Procedure B. Octol 3.4a. To a 3-neck 100 mL round bottom flask was 
added Pd(PPh3)4 (0.107 g, 0.093 mmol) and 20 mL of DMF under N2. Iodobenzene 
(0.38 mL, 3.41 mmol), potassium carbonate (0.856 g, 6.19 mmol) dissolved in 10 
mL of water, and octol 3.2 (0.750 g, 0.774 mmol) dissolved in 20 mL of DMF were 
added stepwise via syringe to the reaction mixture. The reaction was stirred under 
N2 for 2 days at 65 °C. The solvent was removed in vacuo and the resultant solid 
was stirred in 100 mL of water, 100 mL of MeOH and 150 mL of ether. The solid 
was filtered and dried yielding 0.220 g (26 %) of product, m.p. >300 °C; *H NMR 
(400 MHz, DMSO-cQ 5 5.72 (s, 4H), 6.18 (s, 4H), 6.86 (d, J  = 8.0 Hz, 8H), 7.20 (d, 
J  = 8.0, 8H), 7.28 - 7.34 (m, 24H), 8.67 (s, 8H); I3C NMR (100 MHz, DMSO-rf*) 5 
41.0,102.2, 120.2, 125.5, 126.3, 126.7, 128.8, 129.1, 136.7, 140.4, 145.4, 152.8; uv 
X ^  279.5 nm (DMF); MALDI m/z 1097.9 M+.
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Octaacetate o f 3.4b. Compound 3.4b was characterized as the
corresponding octaacetale. Procedure B, employing octol 3.2 (0.500 g, 0.517 
mmol) and 4-bromobiphenyl (0.530 g, 2.27 mmol), was used with the following 
alterations. After being stirred in 150 mL of MeOH, 3.4b was filtered and refluxed 
in 50 mL of acetic anhydride for 8 hours. The solvent was removed in vacuo, and 
the resultant solid was stirred in 100 mL of water, filtered, dried, and recrystallized 
from CHC13 with an acetonitrile atmosphere. Yield: 0.095 g (11 %) of product, 
m.p. >300 °C; NMR (400 MHz, DMF-d7) 8 2.12 (s, 12H), 2.14 (s, 12H), 5.66 (s, 
4H), 6.52 (s, 2H), 6.62 (s, 2H), 7.07 (s, 2H), 7.15 (d, / =  8.3 Hz, 8H), 7.21 (s, 2H), 
7.40 - 7.45 (m, 12H), 7.58 - 7.65 (m, 32H); l3C NMR (100 MHz, DMF-d7) 8 45.6,
127.7, 127.8, 128.2, 128.3, 128.5, 130.1, 130.7, 131.5, 133.8, 139.6, 140.2, 140.3,
141.1, 148.4, 148.6, 148.6, 169.4, 169.6; IR (KBr) C =0 1771; uv 284.0 nm 
(DMF); MALDI m/z 1758.2 (M + Na)+.
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CHAPTER 4
SIMPLE AND RAPID VISUAL SENSING OF SACCHARIDES
4.1 Introduction
Facile methods for detecting and monitoring saccharides are of immense 
importance to medical diagnostics and industry. A current challenge in this area is 
the fabrication of readily accessible, stable artificial receptors that promote fast, 
sensitive and selective detection.4'1 Such materials could lead to improved sensors 
relative to degradable enzyme-based systems or to those requiring complex and 
expensive syntheses or instrumentation. We have found that a tetraarylboronic acid 
resorcinarene macrocycle 4.1, obtained on large scale in one step and easily 
purified,4 2 promotes the most versatile visible detection of sugars observed to date 
(Figure 4.1). Characteristic and dramatic solution color changes are attained for 
carbohydrates, glucose phosphates, amino sugars and sialic and uronic acids.
The visual determination of saccharides has been of great interest for more 
than a century. In 1887, Seliwanoff reported a resorcinol color test that was specific 
for ketoses.43 Other resorcinol-based color tests for sugars were later developed.4'4,4-5 
In this decade great progress has been made towards the enhanced selective visible 
detection of saccharides via the pioneering studies of Shinkai and coworkers, based 
mainly on chromophore-functionalized arylboronic acids41 or the affinity of 
nitrogen-containing chromophores for arylboronic acids.4'6 A recent review 
underscored the lack of sugar receptors that promote dramatic color changes in the 
presence of individual analytes.41 Powerful color receptors could be of practical 
utility for monitoring disease states or the products of fermentation processes.
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4.2 Results and Discussion
We have reported a facile synthesis of macrocycles which embody both 
arylboronic acid and resorcinol moieties.42 One of these, compound 4.1, is obtained 
as a white solid which forms a colorless solution when dissolved in DMSO at room 
temperature. After standing in solution for several hours or upon heating at 90 °C 
for 1 min the solution develops a pinkish-purple color. These color changes can be 
monitored in the UV-vis spectrum of 4.1 via the appearance of a new absorption at 
536 nm. In Figure 4.2 and all subsequent figures the curves are identified in a 
vertical sequence directly beneath the pointer. The fluorescence spectrum of 
colorless solutions of 4.1 exhibits only short-wavelength excitation and emission 
bands at 350 and 410 nm, respectively. The colored solutions additionally display 
long-wavelength excitation at 525 nm and emission at 570 nm. When stored as a 
white solid over a period of several months, no change in the UV-vis or 
fluorescence spectrum of 4.1 is observed.
Claude Davis found that heating colorless solutions of 4.1 (5.2 mM, 10:1 
DMSOrHjO, 1 mL) and 3.0 equiv of either D-(-)-fructose, a-D-glucose or sucrose at 





Figure 4.1. Resorcinare colorimetric sensor for saccharides.
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and the glucose solution pink-yellow. The solution containing sucrose, which 
exhibits the weakest binding to boronic acids in this series,4'7'4 8 is purple and easily 
distinguished from glucose and fructose. It is similar in appearance to the solution 
of 4.1 heated by itself. Upon heating in the presence of excess (16 mg) NajSC),, 
which we previously employed to promote boronate ester formation of 4.1 with 
diols,42 the colors of the glucose and fructose/4.1 solutions become more distinct, 
turning peach-colored and yellow, respectively. Reheating the colored solutions of
4.1 alone in the presence of 3 equiv of each of the three saccharides produces the 
same solution colors observed when heating initially colorless solutions of 4.1 
containing the sugars. The decrease in relative absorbances for the sugars,
0.3-1
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Figure 4.2. Absorption spectrum of macrocycle 4.1 upon heating at 90 °C for 1 
minute in the presence o f D-(-)-fructose, sucrose, or a-D-glucose. (Conditions: 
Macrocycle 4.1 (5.2 mM) in DMSO /  HjO (10:1), 22 equiv. sodium sulfate, and 3 
equiv. carbohydrate).
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measured at 536 nm, qualitatively mirrors the known relative binding affinity of 
fructose (A=0.057) > glucose (A=0.067) > sucrose (A=0.10) for arylboronic 
acids.4-7'48
D-Glucose-6-phosphate and a-D-glucose-1-phosphate are two intermediates 
in glycogen biosynthesis.49 Heating colorless solutions of these sugars (3 equiv) in 
the presence of 4.1 (5.2 mM) in 10:1 DMSO: H /)  at 100 °C for 1.5 min results in a 
very bright crimson color for a-D-glucose-1-phosphate disodium salt monohydrate 
( -̂max-495 nm, A = l.l and 536 nm, A=0.49) and a dark reddish brown for the D- 
glucose-6-phosphate monosodium salt solution ( ^ = 4 7 1  nm, A=1.8). The same 
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Figure 4.3. Absorption spectrum of macrocycle 4.1 upon heating at 100 °C for 1.5 
minutes in the presence of D-glucose-6-phosphate monosodium salt or a-D-glucose- 
1-phosphate disodium salt. (Conditions: Macrocycle 4.1 (5.2 mM) in DMSO /  HjO 
(10:1) and 3 equiv. carbohydrate).
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glucose-6-phosphate disodium salt. The results of the sugar/4.1 color experiments 
are reproducible as evidenced by visual inspection and spectrophotometric 
measurements. The average relative error in the absorbance measurements of three 
separate thermolyses of the five sugar/4.1 complexes is 4.6%.
Room temperature fluorescence anisotropy measurements of colored 
solutions of 4.1 reveal that the species associated with the long-wavelength 
fluorescence has a much slower rotational correlation time (r=0.189) than that 
associated with the short-wavelength fluorescence (r=0.010). Saccharides appear to 
perturb an aggregation-deaggregation equilibrium; added analytes change the 
relative intensities of the long- and short-wavelength fluorescence. Importantly, this 
property is sugar-specific. In addition, each heated saccharide/4.1 solution exhibits 
a characteristic rotational correlation time (Table 4.1).
Table 4.1. Fluorescence properties of 4.1 (5.2 mM in DMSO) heated alone and in 
the presence of 3 equiv of various saccharides showing the maximum excitation and 
emission of the long-wavelength fluorescence, the fluorescence anisotropy (r) of the 
long-wavelength species and the intensity of the long-wavelength fluorescence 
relative to the short-wavelength fluorescence (Ii0„g/Ishort)-
Added sugar *cx (nm) Km (nm) Anisotropy (r) l̂ong/̂ short
none 543 575 0.189 3.2
a-D-glucose 535 573 0.255 3.3
glucose-1- 550 585 0.155 5.2
phosphate
glucose-6- 490 580 0.161 5.7
phosphate
fructose 492 572 0.100 1.6
sucrose 540 578 0.129 4.4
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A significant blue shift in Xex o f 60 nm is observed for D-glucose-6- 
phosphate compared to a-D-glucose-l-phosphate. This complements recent efforts 
involving the fluorescent sensing o f these molecules. In the prior studies, glucose- 
1- and -6-phosphate were differentiated by observed changes in 3IP NMR and CD 
spectra410 or variations in fluorescence emission intensities upon receptor 
binding.411
It is intriguing that 4.1 does not have extended 7t-conjugation and yet heated 
solutions o f 4.1 display spectrophotometric absorption as well as fluorescence 
excitation and emission in the visible region. The rH and 13C NMR spectra of 
DMSO-d* solutions of 4.1, heated for 3 min as above, exhibit no change in chemical 
shifts or peak area integrals compared to colorless samples. After prolonged (12-24 
h) heating of air saturated solutions of 4.1 in DMSO at 180 °C no evidence of 
carbonyl formation by 13C NMR or FT-IR spectroscopy is observed; moreover, the 
ILB NMR spectra reveal no evidence of boronate ester formation or boronic acid 
hydrolysis. This does not, however, allow us to rule out the presence of trace 
amounts of highly colored oxidized material appearing at levels too low to detect.
If trace amounts of oxidized products are responsible for the coloration, then 
altering the concentrations of the oxidized materials should afford variable color 
schemes. To test this hypothesis we heated solutions of 4.1 alone (183 °C) and in 
the presence of 3 equiv of the five saccharides for 3 min (control set, affording the 
same visible color schemes as noted above but with increased absorbance intensities 
due to greater heating), in the dark, and with N2 or air saturation. Upon N2 
saturation every solution is observably fainter in color than in the control case, with 
absorbance decreases of 39-82%. Importantly, the solution of 4.1 alone exhibits a 
significant absorbance decrease o f 61% (536 nm). Upon air saturation the two 
glucose phosphate solutions begin to change color within seconds and are the most
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phosphate exhibiting a >2-fold increase in absorbance intensity. Upon heating in 
the dark the glucose and sucrose solutions are the faintest in color, displaying 
respective absorbance decreases of 33% and 26% compared to the control case. 
Light and oxygen are therefore clearly factors in the coloration process. We ascribe 
the coloration of solutions of 4.1 as due to the production of trace amounts of highly 
absorbing, oxidized (quinone) derivatives of 4.1.
Oxidation of either an arylboronic acid or resorcinol moiety must result in 
sp2 hybridization o f a macrocycle methine carbon. This would place the resultant 
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Figure 4.4. Absorption spectrum of macrocycle 4.1 upon heating at 189 °C for 3 
minutes in the presence of sucrose. (Conditions: Macrocycle 4.1 (5.2 mM) in 
DMSO / FL.O (10:1), 22 equiv. sodium sulfate, and 3 equiv. carbohydrate).
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Figure 4.5. Absorption spectrum of macrocycle 4.1 upon heating at 189 °C for 3 
minutes in the presence of a-D-glucose. (Conditions: Macrocycle 1 (5.2 mM) in 
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Figure 4.6. Absorption spectrum o f macrocycle 4.1 upon heating at 189 °C for 3 
minutes in the presence o f D-(-)-ffuctose. (Conditions: Macrocycle 4.1 (5.2 mM) in 
DMSO / R.O (10:1), 22 equiv. sodium sulfate, and 3 equiv. carbohydrate).
4.1 / Fructose (Control)
4.1 / Fructose (Dark)
4.1 / Fructose (Nitrogen)
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4.11 Glucose-1-phosphate (Air)
4.1 /Glucose-1-phosphate (Control)
4.1 / Glucose-1-phosphate (Nitrogen)
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Figure 4.7. Absorption spectrum of macrocycle 4.1 upon heating at 189 °C for 3 
minutes in the presence of a-D-glucose-1-phosphate disodium salt. (Conditions: 
Macrocycle 4.1 (5.2 mM) in DMSO / B^O (10:1) and 3 equiv. carbohydrate).
4-1 4.1 / Glucose-6-phosphate (Air)
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Figure 4.8. Absorption spectrum of macrocycle 4.1 upon heating at 189 °C for 3 
minutes in the presence of D-glucose-6-phosphate monosodium salt. (Conditions: 
Macrocycle 4.1 (5.2 mM) in DMSO / l^O  (10:1) and 3 equiv. carbohydrate).
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low levels would occur due to the strain imparted to the macrocyclic ring upon 
introduction of sp2 hybridization. We propose that binding with the respective 
analytes could then afford selective coloration via sugar-specific perturbations in 
torsion angles and/or aggregation-deaggregation equilibrium (as evidenced by 
fluorescence anisotropy, vide supra). The presence of strongly 7i-accepting, 
oxidized aromatics enhances intermolecular 7t-donor/7t-acceptor interactions, 
thereby contributing to the order of magnitude change in rotational correlation time 
observed for the colored solutions of 4.1.
The visual detection of saccharides promoted by 4.1 is versatile, not limited 
to the carbohydrates and glucose phosphates described above. D-Glucuronic acid 
and D-galacturonic acid prom ote monosaccharide oxidation and vitamin C 
biosynthesis.412 Sialic acid is an important antigenic cell-surface residue.413 
Colorless DMSO solutions of 4.1 (5.2 mM) and 3.0 equiv each of these three 
structurally related carboxylic acid sugars, upon heating in the presence of excess 
Na2S 04 for 2 min until reflux, are bright gold (Arnax=450 nm, A=0.20) faint yellow 
(?W=456 nm, A=0.10) and reddish-orange (A.max=440 nm, A=0.80), respectively.
D-Glucosamine and IV-acetyl-D-glucosamine (NAG) are the m ajor 
constituents of chitin, one of the most abundant polysaccharides on earth.414 (+)-N- 
Acetylmuramic acid (NAM) is a component of bacterial cell walls.4'15 Colorless 
solutions of 4.1 (5.2 mM) containing 3 equiv of these amino sugars, upon heating in 
the presence of excess Na^SC^ for 2 min until reflux, are pale pink (A.max=540 nm, 
A=0.13), pale yellow (A.max=460 nm, A=0.43), and very dark orange (Xmax=425 nm, 
A=3.1) for NAG, NAM, and D-glucosamine hydrochloride, respectively.
4.3 Conclusions
In conclusion, solutions of receptor 4.1 containing added saccharides exhibit 
dramatic, characteristic solution color changes that are readily distinguished by
45
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Figure 4.9. Absorption spectrum of macrocycle 4.1 upon heating at 90 °C for 1 
minute in the presence of D-glucuronic acid, D-galactaronic acid, or N- 
acetylneuramic acid. (Conditions: Macrocycle 4.1 (5.2 mM) in DMSO, 22 equiv. 
sodium sulfate, and 3 equiv. carbohydrate).
3.5-,
4.1 / Glucosamine hydrochloride
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Figure 4.10. Absorption spectrum of macrocycle 4.1 upon heating at 90 °C for 1 
minute in the presence of D-glucosamine hydrochloride, (+)-Af-acetylmuramic acid, 
or AT-acety-D-glucosamine. (Conditions: Macrocycle 4.1 (5.2 mM) in DMSO, 22 
equiv. sodium sulfate, and 3 equiv. carbohydrate).
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visual inspection. The color selectivities can be tuned by altering simple parameters 
such as added water or a drying agent. This unique methodology is rapid and 
reproducible, with the solution colors remaining stable by visual inspection for 
periods lasting typically up to several days. Since tetraarylboronic acid 
resorcinarenes are amenable to a variety of synthetic modifications,42,416 this 
research should lead to the fabrication of new classes of color sensing materials. 
Our current efforts include the synthesis and study of 4.1 and congeners and related 
oxidized model resorcinol- and/or boronic acid-derived compounds. W e are also 
investigating the possibility of sugar (e.g., furfural or other sugar-derived aldehyde 
condensation) reactions with 4.1 or oxidized, ring-opened (as a result of the strain 
induced upon sp2 hybridiztion) 4.1. In addition, comparative studies of the 
coloration process employing 4.1 and simple aliphatic and aromatic diols vs. other 
hydoxy compounds, reducing vs. non-reducing sugars, and ketoses vs. aldoses are 
ongoing. The detailed characterization and analysis of the saccharide-receptor 
complexes employing a variety of conditions, including competitive binding studies 
of sugar mixtures and other polar biomolecules, is also in progress.
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CHAPTERS
VISUAL SENSING OF SACCHARIDES PROMOTED BY RESORCINOL
CONDENSATION PRODUCTS*
5.1 Introduction
The specific recognition of saccharides by synthetic hosts is of great current 
interest.51 Classical colorimetric methods for the non-enzymatic detection of sugars 
are typically limited to discriminating between, for instance, reducing and non- 
reducing sugars.5-2 Progress towards improved synthetic visual receptors has been 








Figure 5.1. Chair resorcinarene colorimetric sensor for saccharides.
*Reprinted in part with permission from Organic Letters, 2000, Volume 2, pages 
589-592; Patrick T. Lewis, Claude J. Davis, Larry A. Cabell, Ming He, Mark W. 
Read, Matthew E. McCarroll, and Robert M. Strongin; Visual Sensing of 
Saccharides Promoted by Resoricnol Condensation Products. Copyright 2000 
American Chemical Society.
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In 1872 von Baeyer studied the condensation of benzaldehyde and 
resorcinol.5'4 He found that a red-colored product was formed which changed color 
to violet in the presence o f base. We reported the discovery that 5.1 promotes the 
visual differentiation of specific saccharide solutions by simple color changes.*5 Our 
methodology, involving heating aqueous DMSO solutions of 5.1 containing 
saccharides, produces characteristic color changes for specific carbohydrates, 
glucose phosphates, amino sugars and sialic and uronic acids. As part of our 
ongoing investigations aimed at fully elucidating the mechanism, scope and 
limitations of this selective new coloration process we detail our findings employing 
receptors 5.2a5'6 and 5.b57 and new compound 5.3 as the sensing agents. We 
observe colorimetric properties with each resorcinol condensation product. In 
addition, compound 5.3 affords linear correlations between sugar concentrations.
5.2 
a; R = CH3
b; R = B(QH)2
Figure 5.2. Crown resorcinarene colorimetric sensor for saccharides.
5.2 Results and Discussion
Compound 5.2a5'6 is a readily available prototypical crown stereoisomeric 
resorcinarene.5'8 Heating 5.2 mM of 5.2a (colorless after several recrystallizations
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from MeOH) in 1 mL o f 9:1 DM S0:H20  for 3 min to a gentle reflux followed by 
cooling to it leads to a purple solution. The color formation can be monitored via a 
new absorption appearing at 536 nm. This result is consistent with the same 
experiment employing 5 .1.5-5 Heating colorless solutions of 5.2a and 3.0 equiv of 
either D-(-)-fructose, a-D-glucose, sucrose or the glucose phosphates results in 
colors selective for each sugar; however, by visual inspection, the colors appear 
paler and less distinctive as compared to sensing experiments with 5.1.
Colorless solutions (1 mL, 5.2 mM 9:1 DM S0:H20 )  of recrystallized crown 
resorcinarene 5.2b5'5 also develop color upon heating. The colors of sugar/5.2b 
solutions are more similar to those reported previously with stereoisomer 5 .15-5; 
however, are more distinctive compared to the sugar/5.2a solutions. The 
experiments with 5.1, 5.2a and 5 .2b indicate that the visual color sensing of 
saccharides appears to be general to the resorcinarenes, including those without 
boronic acids.
In order to explore this trend and extend the scope o f this process, we 
synthesized the new triaryl compound 5.3.5'9 This compound embodies a (bromine- 








Figure 5.3. Synthesis of brominated sub-unit of 5.1 and 5.2b.
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DMSOrHjO) affords the most vivid solution colors we observe to date (Table 5.1). 
The colors are highly characteristic for each sugar and much more brilliant in 
appearance than the solutions containing 5.1, 5.2a or b. This color brilliance can be 
further enhanced by prolonged heating (to 8 min). Previously, we found that 
oxygen promoted the color development of solutions of 5.1 alone or in the presence 
of sugars.*5 Heating N2-saturated samples of 5.2a, b, or 5 3  with or without the five 
saccharides listed in Table 5.1 for 3 min results in a significant decrease in visible 
region absorbance intensity (decrease by 3-40 % [536 nm], decrease by 47-96 % 
[536 nm] and decrease by 30-76 % [532 nm], respectively) as compared to samples 
heated without protection from air. This supports our prior proposal that color 
formation is promoted by oxidation.*55'12
Figure 5.4. Absorption spectrum of compound 5 3  upon heating to a gende reflux 
for 3 min in the presence of D-(-)-fructose, sucrose, or a-D-glucose. (Conditions: 
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Table 5.1. Monitored X, corresponding absorbances (A), and solution color 
observed upon heating 9:1 DM S0:H20  2.6 mM solutions of 5.3 and 3 equiv added 
saccharides to a gentle reflux for 3 min. Values represent averages of three runs.
Added Sugar X (nm) A Color
None 532 0.807 Deep pink
Sucrose 532 0.801 Deep pink
a-D-Glucose 532 0.642 Bright peach
D-(-)-Fructose 532 0.407 Deep yellow
a-D-Glucose-1 -phosphate 532 2.16 Bright reddish-orange
disodium salt hydrate
D-GIucose-6-phosphate 532 1.73 Bright brownish-aubum
monosodium salt
We next decided to examine the effect of acid and base on the colorimetric 
properties of 5.3. The solution colors of resorcinol condensation products have long 
been known to exhibit pH dependence;3'4 furthermore, each solution in Table 5.1 
exhibits a characteristic pH. W e find that solutions of 5.3 (after exposure to 0 25'5,5'12) 
function as acid-base indicators, displaying sensitive changes in visible region 
absorbance intensities.513 Without heating 5.3 there is a marked decrease (e.g., avg. 
75 % at 532 nm) in visible region absorbance intensities as compared to heated 
samples over the broad pH ranges studied. Only 5.3, whose solutions are faintly 
colored at room temperature (despite extensive purification5'9), furnishes an intense 
absorbance visible-region pH titration curve without heating (Figure 5.5).
Next we investigated the potential role of pH in the formation of the actual 
characteristic colors of the sugar-containing solutions. Glucose, sucrose and
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Figure 5.5. Absorbance vs. pH profile for unheated 5.3 (2.6 mM, 9:1 DM S0:H20 )
fructose in 9:1 aqueous DMSO each exhibit the same starting nominal pH (10.6) at 
the concentrations noted in Table 5.1. monitored at 532 nm. If adding sugars to the 
receptor solutions is producing color changes solely via sugar-induced absorbance 
changes resulting from pH effects, we should be able to correlate acid-base titration- 
induced absorbance changes with sugar-induced absorbance changes. Figure 5.6 
shows an expansion of the plot of absorbance intensity vs. pH for heated solutions 
of 5.3. The pH vs. absorbance data for ten solutions containing 5.3 and a specific 
sugar are overlaid. The data shows a poor correlation between pH with the 
solutions of 5.3 vs. the solutions with 5.3 and a specific sugar. These results suggest 
that the sugar color sensing mechanism involves more than just pH effects.514
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F igure  5.6. Expansion of pH vs. absorbance plot for 5 .3  overlaid with 
pH/absorbance data for 10 carbohydrates. Samples were heated 7 min (5 mL 9:1 
DMSO: H20 , 2.6 mM 5.3 and 3 equiv sugar). Glucose-1- and 6-phosphate data was 
off scale (A=2.17 at pH 9.9 and A=1.73 at pH 9.1, respectively).
In order to determine whether the sensing process is amenable to controlled 
pH conditions, we derived a correlation plot of fluorescence intensity versus sugar 
concentration (Figure 5.7) in the presence of carbonate buffer and 5.3. We observe 
a steady decrease in fluorescence intensity upon increased saccharide concentration. 
At constant pH, compound 5.3 promotes fluorescence51’515,5'16’5'17 monitoring of pM  
levels of glucose, fructose and galactose, within the range of their concentrations 
found in blood.5 la
We also observe a correlation of visible region fluorescence intensity with 
pM  changes in glucose concentration in the presence of a fixed amount of fructose
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Figure 5.7. Changes in fluorescence intensity in the emission spectra (Xcx = 533 
nm, Xem = 550 nm) of 9:1 DMSO:H20  heated (8 min) solutions (6 mL) of 5.3 [2.6 x 
10'5M] and D-(-)-fructose, a-D-glucose or D-(+)-galactose and K2C 0 3 buffer [5.0 x 
10'2M].
[52 pM] and 5.3 [52 pM] (Figure 5.8). Similarly, we obtain a linear correlation of 
fluorescence intensity with varied fructose concentration in the presence of glucose 
[52 pM] and 5.3 [52 pM] (Figure 5.9). The slope for the fructose binding decreases 
approximately twice as rapidly as that for glucose (-1.132 x 106, R = 0.90643). This 
indicates that 5.3 is more sensitive to fructose than glucose. In addition, 5.3 
promotes a correlation of sugar concentration with UV-vis absorbance intensities in 
the mM range. Figure 5.10 shows an excellent linear correlation of glucose 
concentration with visible region absorbance intensity.
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Figure 5.8. Changes in fluorescence intensity in the emission spectra (A.ex = 533 
nm, Xem = 552 nm) of 9:1 DMSO:H20  solutions (6 mL) of heated (8 min) 5.3 [5.2 x 
10'5M] with varied amounts of a-D-glucose in the presence of a fixed concentration 
of D-(-)-fructose [5.2 x 10'5M] and no buffer.
9 10
E
c  8 10
CMm in
®
£  6 10 
E  5 10'
-Q
<  4 10' 
3 10;
CO
2 2 107 c
y = 6.448e+07 - 1,132e+06x R= 0.90643
0 5 1 0 1 5 2 0
Equiv. of Fructose
Figure 5.9. Changes in fluorescence intensity in the emission spectra (kex = 533 
nm, = 552 nm) of 9:1 DM S0:H,0 solutions (6 mL) of heated (8 min) 5.3 [5.2 x 
10'5M] with varied amounts of a-D-glucose in the presence of a fixed concentration 
of D-(-)-fructose [5.2 x 10 SM] and no buffer.
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Figure 5.10. Changes in visible region absorbance intensity promoted by 5.3 [5.2 
mM] heated for 8 min in 2 mL o f 9:1 D M S0:H ,0 and varying concentrations of a- 
D-glucose.
Compound 5.3 can also be used to monitor sialic acid levels in the visible 
region using UV-vis spectroscopy (Figure 5.11). In this experiment compound 5.3 
(5.2 mM) was heated to a gentle reflux for 3 min and then allowed to cool to room 
temperature. After cooling, the solution was stirred with various amounts of sialic 
acid which had been buffered with HEPES (0.026 M). As shown in Figure 5.11, 
there is a increase in the UV-vis absorbance intensity at 476 nm and a decrease at 
531 nm as the sialic acid concentrations increase with an isobestic point being 
observed near 485 nm. Figures 5.12 and 5.13 show the linear correlation between 
absorbance intensity and equivalents of sialic acid present.
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5.3
5.3 + 0.5 eq sialic acid
5.3 + 1.0 eq sialic acid
5.3 + 2.0 eq sialic acid
5.3 + 4.0 eq sialic acid
5.3 + 6.0 eq sialic acid
«  0.2
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Wavelength (nm)
Figure 5.11. Absorption spectrum of compound 5 3  upon heating to a gentle reflux 
for 3 min, cooling to rt, and stirring for 2 min in the presence of sialic acid. 
(Conditions: 5.3 (5.2 mM) in DMSO /  H/D (9:1) and 0.26 M HEPES).
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Equiv. of Sialic Acid
Figure 5.12. Changes in visible region absorbance intensity promoted by 5.3 [5.2 
mM] heated for 3 min in 2 mL of 9:1 DMSO:HjO, then cooled to rt, and stirred with 
varying concentrations of sialic acid.
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Figure 5.13. Changes in visible region absorbance intensity promoted by 5.3 [5.2 
mM] heated for 3 min in 2 mL of 9:1 DMSO:H20 , then cooled to rt, and stirred with 
varying concentrations o f sialic acid.
As stated earlier, we have reason to believe that coloration of the solutions 
containing our resorcinol-based condensation products is due to the formation of a 
new oxidized species. More specificly, we propose that colored solutions are due to 
the formation of xanthene dyes. To further investigate this hypothesis we decided to 
employ the use of the commercially available xanthene dye 9-phenyl-2,3,7- 
trihydroxy-6-fluorone (Figure 5.14). The purpose of these experiments was to
HO' OH
5.4
Figure 5.14. 9-Phenyl-2,3,7-trihydroxy-6-fluorone (Aldrich).
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Figure 5.15. Absorption spectrum of compound 5.4 upon heating to a gentle reflux 
for 6 min in the presence of D-(-)-fructose, sucrose, or D-(+)-glucose. (Conditions: 
5.4 (52 pM) in DMSO / HjO (9:1) and 300 equiv. carbohydrate).
determine if similar results would be achieved (i.e. color or spectral properties). 
Compound 5.4 was heated as before in a 9:1 DMSO/HjO solution with 3 
equivalents of carbohydrate. The pinkish-purple color was observed for all of the 
carbohydrates tested. This result prompted us to increase our carbohydrate 
concentration. We have reported earlier that the coloration process was due to the 
presence of a trace amount (-1-2%) of the oxidized species. If true, this would 
mean that we were actually using 150 to 300 equivalents of carbohydrates in the 
earlier studies. We then decided to modify our experimental conditions to more 
accurately correlate to our earlier findings. Compound 5.4 (52 |iM) was heated to a 
gentle reflux in a 9:1 DMSO/R.O solution for 6 minutes in the presence of 300 
equivalents of carbohydrates (Table 5.2). A  similar color pattern was observed, but
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Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
the colors were less distinctive. The Xmax (534 nm) was also very similar those of
5.1, 5.2, and 5.3.
T able  5.2. Monitored X, corresponding absorbances (A), and solution color 
observed upon heating 9:1 DM S0:H20  52 pM solutions of 5.4 and 300 equiv added 
saccharides to a gentle reflux for 6 min.
Added Sugar X (nm) A Color
None 534 2.2989 Pinkish purple
Sucrose 534 2.2542 Pinkish purple
a-D-Glucose 534 1.8169 Peach
D-(-)-Fructose 534 0.9987 Yellow-orange
Galactose 534 2.0069 Pink
Mannose 534 2.0113 Pink
Lactose 534 1.5208 Peach
Xylose 534 1.7825 Peach
Ribose 534 2.1781 Pink
a-D-Glucose- 1-phosphate 534 2.6579 Rose
disodium salt hydrate
D-Glucose-6-phosphate 534 1.5116 Orange
monosodium salt
We next turned our attention to isolating the species responsible for the 
coloration. Considering the concentrations that at which the experiments were 
conducted, we knew that this would be a momentous challenge. Two approaches 
were decided upon. The first involved the synthesis of the proposed structures. The
62
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
second involved subjecting our compounds to prolonged heating to promote the 
conversion of starting material to oxidized material. In order to simplify our 








Figure 5.16. Proposed route to the formation of xanthanone.
Attempts to directly synthesize xanthenes from the condensation of 4- 
bromoresorcinol with benzoic acid or mixed anhydrides were unsuccessful. We had 
found that prolonged heating, oxygen, and light promoted the formation of the 
colored species. In an attempt to produce more of this species, air was bubbled 
through a DMSO solution containing compound 5.3. Upon heating for several days 
a dark reddish colored solution was obtained. However, attempts to isolate a dye 
material via flash chromatography were also unsuccessful. We then attempted to 
form xanthene 5.5 using a method reported by Neckers.s n In a sealed tube 
compound 5.3 was heated in a water/DMSO solution at 200 °C for several days. A 
reddish brown precipitate which is believed to be compound 5.5 formed in the tube. 
The precipitate was filtered and dried. The precipitate was highly insoluble, but 
after stirring overnight in DMSO-dg enough of the product went into solution to 
allow a ‘H NMR spectrum to be obtained. There were six major resonances down 
field of 5 ppm. There were four singlets at 7.7, 7.9, 8.4, and 10.0 ppm. The two
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singlets at 7.7 and 7.9 ppm appeared to be overlapped by two doublets. The broad 
singlet at 8.4 ppm corresponded to the B(OH)2 protons. There were also resonances 
corresponding to the starting compound 5.3. Due to solubility, the product could 
not be further purified. Additional evidence for the formation of 5.5 was attained 
from mass spectroscopy analysis. A peak at 490.78 mass units was obtained using 
MALDI which supports the formation of 5.5.
5.3 Conclusions
Several conclusions can be made from the present studies. First, the visual 
sensing of saccharides appears applicable to a variety of readily-available 
resorcinol condensation products.583 Second, changing the receptor framework can 
alter the color patterns observed for the various sugars. Third, our method entailing 
simply heating the receptors in aqueous DMSO with analytes is convenient. The 
protocol enables direct correlations between concentration and fluorescence and/or 
absorbance intensities in the visible region, leading to facile monitoring of sugar 
levels. Fourth, colored solutions containing 5.1-5.3 can function as acid-base 
indicators. s-5’5-12 Fifth, oxygen promotes the solution color formation with each 
receptor. This is consistent with our prior mechanistic proposal that oxidation of the 
receptors is a key factor in producing solution color.5-5-5'12
Ongoing studies are aimed at further probing the mechanism and scope of 
biomolecule visual sensing with resorcinol condensation products. Our efforts 
include examining the role of pH, aggregation-deaggregation,5 l3-5J oxidation5-5-512-5-18 
and covalent5-13-5-19 and/or noncovalent5-11’-5-8 analyte/receptor interactions.5-1,5-8-5-20 We 
will report further details of the color sensing mechanism in due course.
5.4 Experimental Procedures
General. All chemicals were reagent grade (Aldrich or Lancaster) and used 
without further purification. The NMR spectra were obtained with a Bruker
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AM-250 spectrometer. Residual [H signals from deuterated solvents were used as a 
reference unless TMS (5 0.00) was present. 13C NMR spectra were acquired with a 
Bruker AM-400 spectrometer. MALDI experiments were performed with a 
PerSeptive Biosystems Voyager linear mass spectrometer employing a nitrogen 
laser with a wavelength of 337 nm.
Com pound 5.3. 4-B rom oresorcinol (2.00 g, 10.6 mmol), 4- 
formylphenylboronic acid (0.793 g, 5.29 mmol), and ethanol (30 mL) were added to 
a three-neck round bottom flask and stirred. Concentrated HC1 (15 mL) was then 
added drop wise to the reaction mixture. The mixture was then heated to 70 °C 
under N2 for 3 hr. The reaction mixture was then neutralized with sodium 
bicarbonate and extracted into ethyl acetate (after removal of ethanol in vacuo). 
1.64 g (61 %) of product was obtained, m.p. >300 °C; *13 NMR (400 MHz, 
DMSO-dtf) 6 5.70 (s, 1H), 6.50 (s, 2H), 6.53 (s, 2H), 6.91 (d, / =  8.0 Hz, 2H), 7.67 
(d, J  = 7.9 Hz, 2H), 7.96 (bs, 2H), 9.47 (s, 2H), 9.92 (s, 2H); l3C NMR (100 MHz, 
DMSO-rf5) 8 41.9, 97.5, 103.6, 123.2, 127.9, 131.6, 132.4, 134.0, 145.7, 152.8, 
155.0; uv ^  286 nm (DMSO); MALDI m/z 510.77 M+.
Compound 5.5. Compound 5.3 (0.200 g, 0.53 mmol), 15 mL water, and 3 
mL DMSO were added to a sealable tube. The mixture was then heated to 200 °C 
for 3 days. The reaction mixture was then cooled, filtered, and dried. Due to 
solubility, the product could not be completely purified, m.p. >300 °C; lH NMR 
(250 MHz, DMSO-<iff) 8 7.62 (d, J  = 7.8 Hz, 2H), 7.65 (s, 2H), 7.91 (s, 2H), 7.91 (d, 
J  = 7.8 Hz, 2H), 8.35 (bs, 2H), 10.0 (s, 1H); uv 308 nm (DMSO); MALDI m/z 
490.78 M+.
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CHAPTER 6
SOLD) STATE SUPRAMOLECULAR STRUCTURES OF RESORCINOL- 
ARYLBORONIC ACID COMPOUNDS
6.1 Introduction
The controlled formation of self-assembling supramolecular solids is a 
formidable, ongoing challenge to the scientific community.61 Two-dimensional 
hydrogen-bonded networks are increasingly being used as templates for the design 
and construction of supramolecular assemblies. By having preorganized two- 
dimensional arrays, assembling three-dimensional networks becomes a matter of 
controlling the “stacking” of the two-dimensional arrays. This simplifies crystal 
engineering to one dimension, which promotes the predictability of the crystal 
structures.6 2 Well-ordered, porous organic solids that incorporate receptor and/or 
catalytic elements are particularly attractive targets with binding and/or catalysis 
often occurring within their cavities.6 3 Towards this end, two-dimensional networks 
can be advantageous since dense packing which often limits the cavity size is more 
prevalent in three-dimensional systems. One of the major culprits is self­
interpenetration. “Arms” of adjacent molecule, to increase packing efficiency or 
strengthen the molecular interactions, often fill the voids which form the cavities. 
This phenomenon can be overcome by the incorporation of multiple binding sites 
and/or rigid frameworks.6'4 Using these principles, Aoyama recently reported the 
creation of bis(resorcinol) derivatives of anthracene or anthraquinone which form 
hydrogen-bonded columns that can include guests and serve as catalysts.6-5
We have been investigating the properties o f new materials incorporating 
arylboronic acid and resorcinol functionality. Boronic acid-derived resorcinarene
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Figure 6.1. Resorcinol-arylboronic acid compounds.
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have been employed as both chiral and achiral molecular hosts as well as substrates 
for the creation o f deep-cavity polyaromatic hosts.6 6 We have reported the 
discovery that these materials can function as remarkable visual indicators for 
saccharides.6'7 In these solution-phase studies, we noted the potential role of 
aggregation deaggregation equilibria in the coloration process. The aforementioned 
solid-state studies of resorcinol derivatives compounded with the historic role of 
arylboronic acids in molecular recognition and catalysis has focused our efforts 
toward understanding how polytopic resorcinol-boronic acid materials interact to 














Figure 6.2. Crystal structure of 6.1 recrystallized from ethyl acetate/methanol.
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new bis(resorcinol) arylboronic acid 6.1 and the supramolecular solid-state structure 
o f the C-2h stereoisomeric macrocycle 6.2, previously synthesized in our laboratory 
(Figure 6.1).66a*67b Interestingly, we find that 6.2 crystallizes as its corresponding 
half methyl ester from  methanol. This results in the formation of infinite, 
antiparallel two-dimensional hydrogen-bonded columns with a single macrocycle at 
the focal point. Our findings contrast that of Bohmer where he reported a chair 
stereoisomeric resorcinarene that was either completely solvated or formed 
hydrogen-bonded columns that were "wrapped" by layers o f solvent.6-9
6.2 Results and Discussion
Compound 6.1 is synthesized in 61% yield from  the acid catalyzed 
condensation of 4-bromoresorcinol (2.00 g, 10.6 mmol) and 4-formylphenylboronic 
acid (0.793 g, 5.29 mmol) in ethanol (30 mL).6'713 Slow recrystallization from ethyl 
acetate/methanol (-15:1) at room temperature yields the colorless crystalline ethyl 
acetate solvate suitable for X-ray analysis. The three aryl rings are roughly 
mutually orthogonal, forming dihedral angles 84.1 (5), 70.6 (5), and 79.2 (5)°. This 
conformation prevents the formation of intramolecular hydrogen bonding; however, 
intermolecular hydrogen-bonding forming a two-dimensional array in the (110) 
direction in the solid-state is observed. Molecule A is connected to five others by 
eight hydrogen bonds (Figure 6.3). Molecule A is linked to molecule B by two 
boronic acid/phenolic interactions about an inversion center (0 4 —0 2 , 2.738 (11)
o
A). Molecule A also forms a centrosymmetric dimer with molecule E (06—O l, 
2.746 (12) A). Molecule A forms a hydrogen-bonded dimer with molecule F about 
a C2 axis by two boronic acid/boronic acid interactions (0 2 —O l, 2.691 A). Single 
phenolic/phenolic interactions exist with molecules C and D related by C-centering 
translations (0 6 —0 3 , 2.818 (12) A). Phenolic OH groups 0 3  and 0 5  also form 
hydrogen bonds with ethyl acetate molecules.
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Figure 6.3. Intermolecular hydrogen bonding of 6.1.
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Figure 6.4. Hydrogen-bonded molecular array of 6.1.
Compound 6.2 is obtained along with the crown stereoisomer as a 3:2 
isomeric mixture from the acid-catalyzed condensation of resorcinol and 4- 
formylphenylboronic acid.6 6a Compound 6.2 is isolated without prior derivatization 
via repeated fractional recrystallization from hot methanol. Slow recrystallization 
over several months from DMSO at room temperature yields colorless prism 
crystals of the x DMSO solvate, where x is unknown, but is at least 7. These 
crystals are highly unstable with respect to solvent loss. X-ray structure analysis 
shows compound 6.2 to have two independent macrocyclic molecules, both on 
inversion centers. Both have the chair conformation, withC2A symmetry, as predicted 
by ‘H and I3C NMR analysis. The four aryl rings o f the resorcinarene skeleton are
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Figure 6.5. Crystal structure of 6.2 recrystallized from DMSO.
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Figure 6.6. Crystal structure of 6.4 recrystallized from DMSO.
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alternately approximately parallel to, and approximately perpendicular to the 
equatorial plane of the macrocycle. Opposite rings are exactly parallel by 
symmetry. The aryl boronic acid moieties are nearly perpendicular to the 
resorcinarene skeleton with two rings pointing up and the other two down. Aryl 
rings on the same face are roughly parallel with slight convergence occurring with 
increased distance from the resorcinarene skeleton; however, intramolecular 
hydrogen-bonding is not observed between the boronic acid groups. Molecules are 
somewhat isolated by the highly disordered solvent, with only modest 
intermolecular hydrogen bonding being observed between boronic acids and even 
weaker boronic acid/phenolic interactions. For each of the two independent 
molecules, one B(OH)2 group forms a hydrogen bonded dimer about an inversion 
center (O—O 2.73 (2), 2.82 (2) A), while the other forms a long intermolecular 
contact to phenolic OH (O—O 3.23 (2), 3.36 (2) A). Macrocycle 6.4 was also 
recrystallized from DMSO over a several month period yielding similar results. 
Poor crystal quality coupled with highly disordered solvent prevented obtainment of 
more refined crystal structures.
A slow recrystallization of 6.2 from methanol at room temperature for seven 
days yielded colorless crystals of 6.3 that were of suitable size and shape for X-ray 
structure analysis. The crystals were somewhat more stable to solvent loss than 
those of 6.2, surviving for several minutes in ambient conditions. X-ray structure 
analysis shows 6.3 to be a resorcinarene incorporating four half-phenylboronic 
acid/half-methyl boronate ester moieties. No intramolecular hydrogen-bonding 
exists; however, all potential donors are involved in intermolecular hydrogen 
bonds. Each molecule of 6.3 forms 18 intermolecular hydrogen bonds, including 12 
to four other molecules of 6.3 and 6 to solvent molecules.
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6.3 Conclusions
In conclusion, resorcinol/arylboronic acid materials form unique hydrogen- 
bonded supramolecular arrays. These findings suggest the great potential of 
utilizing these compounds for designing and tailoring solid state materials for 
molecular recognition and catalysis. Currently we are synthesizing and studying 
guest-bound supramolecular structures based on 6.1-6.4 and congeners.
6.4 Experimental Procedures
General. All chemicals were reagent grade (Aldrich or Lancaster) and used 
without further purification. The *H NMR spectra were obtained with a Bruker 
AM-400 spectrometer. Residual LH signals from deuterated solvents were used as a
13reference unless TMS (8 0.00) was present. C NMR spectra were acquired with a 
Bruker AM-400 spectrometer. MALDI experiments were performed with a 
PerSeptive Biosystems Voyager linear mass spectrometer employing a nitrogen 
laser with a wavelength of 337 nm. A Perkin-Elmer spectrophotometer was used to 
obtain uv spectra.
X-ray. Data for all three compounds were collected at low temperature on 
an Enraf-Nonius CAD4 equipped with M oka radiation (X= 0.71073 A) and a 
graphite monochromator, 6.1 and 6.2 at 100 K. Data for 6.1 and 6.2 were corrected 
for absorption using scans. Structures were solved by direct methods and refined 
by full-matrix least squares. Final R values are 0.093 (2790 data) for 6.1 and 0.214 
(8723 data) for 6.2.
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APPENDIX A: CRYSTALLOGRAPHIC DATA
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A.2. Atomic coordinates ( x 104) and equivalent isotropic displacement parameters 
(A2x 103) for 6.1. U(eq) is defined as one third of the trace of the orthogonalized U'j 
tensor.
X y z U(eq)
Br(l) 2251(1) 1770(1) 3053(1) 46(1)
Br(2) -989(1) -575(1) 4204(1) 51(1)
0(3) -2500(6) -148(4) 3286(3) 36(2)
0(2) -1007(5) 2366(4) 6933(3) 30(2)
0(4) -2079(6) 2394(4) 3445(4) 24(2)
0(6) 2585(6) 3346(5) 3282(4) 30(2)
0(1) 666(5) 2176(4) 6998(3) 30(2)
0(5) -79(6) 3688(4) 4361(3) 35(2)
C(14) -456(7) 2234(5) 4915(4) 21(2)
C(10) -2310(7) 1131(5) 3365(4) 23(2)
0(2) 226(7) 2556(5) 4030(4) 21(2)
0(8) -1133(6) 1632(5) 4045(4) 22(2)
0(17) -263(7) 2242(5) 6054(4) 24(2)
0(15) -1259(7) 2090(6) 5202(4) 28(2)
0(7) 759(7) 2118(6) 3717(4) 25(2)
B(l) -195(9) 2256(7) 6680(5) 30(3)
0(1) -650(7) 2300(6) 4306(4) 27(2)
0(5) 1810(7) 3096(5) 3534(4) 25(2)
0(3) 486(7) 3275(6) 4074(4) 26(2)
0(12) -1354(8) 370(5) 3963(5) 34(3)
0(4) 1268(8) 3549(5) 3835(4) 27(2)
0(13) -876(8) 949(5) 4217(4) 30(2)
0(18) 542(7) 2364(5) 5767(4) 23(2)
0(9) -1857(7) 1721(5) 3608(4) 24(2)
0(11) -2055(8) 443(5) 3524(4) 28(2)
0(16) -1170(7) 2097(6) 5755(4) 29(2)
0(19) 438(7) 2360(6) 5192(4) 26(2)
0(6) 1549(7) 2394(6) 3482(4) 30(3)
O(IS) -1817(7) 4935(5) 4784(5) 72(3)
C(3S) -1311(10) 4661(8) 5201(6) 52(4)
(table cont.)
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C(2S) -1506(11) 3877(7) 5284(6) 58(4)
C(4S) -1698(15) 5707(8) 4660(10) 106(8)
C(1SA) -2610(30) 5910(19) 4380(15) 73(9)
C(1SB) -2450(20) 6173(17) 4696(13) 61(8)
0(2S) -713(7) 4997(5) 5501(4) 56(2)
0(4S) -1300(7) 5312(5) 2586(4) 55(2)
0(3S) -769(8) 4635(5) 3295(4) 64(3)
C(8S) -823(9) 5220(7) 3005(5) 46(3)
C(7S) -211(11) 5816(7) 3294(6) 56(4)
C(6S) -1355(14) 4017(9) 3075(8) 84(5)
C(9SA) -620(20) 3604(16) 2676(12) 59(8)
C(10S) 1330(60) -230(40) 2910(30) 180(30)
C(5S) 0 -180(60) 2500 420(60)
C(9SB) -2510(40) 4190(30) 3260(20) 123(16)
C(12S) 330(40) 290(20) 2940(20) 233(19)
C(11S) 1420(50) -300(30) 3530(30) 330(30)







































































































































C(15)-C(l 6)-C( 17) 121.2(9)




































Symmetry transformations used to generate equivalent atoms: #1 -x,y,-z+l/2 #2 x- 
l/2,y+l/2,z #3 x+l/2,y-l/2,z
A.4. Anisotropic displacement parameters (A2x 103)for 6.1. The anisotropic 
displacement factor exponent takes the form: -2ti2[ h2a*2Un + ... + 2 h k  a* b* U12 ]
U 11 U22 U33 U23 U13 U 12
Br(l) 39(1) 40(1) 65(1) -21(1) 30(1) -7(1)
Br(2) 62(1) 31(1) 55(1) 6(1) -21(1) KD
0(3) 37(5) 27(4) 43(5) -1(4) 4(4) -10(4)
0(2) 13(4) 54(5) 21(4) 3(3) 0(3) 3(3)
0(4) 14(4) 33(4) 25(5) 1(4) -4(3) 0(3)
0(6) 22(4) 29(5) 40(5) 6(4) 6(3) -4(4)
0(1) 14(4) 53(5) 21(4) 6(3) -2(3) 0(3)
0(5) 43(5) 24(4) 41(5) -1(4) 23(4) 6(4)
C(14) 10(5) 30(5) 23(5) 5(4) 0(4) 6(4)
C(10) 16(5) 30(6) 22(6) -4(4) -4(4) 3(4)
C(2) 21(5) 32(6) 10(5) 0(4) -5(4) 1(4)
C(8) 2(4) 34(6) 32(6) 2(5) 4(4) -2(4)
0(17) 20(5) 27(5) 24(6) 7(4) 4(4) 5(4)
C(15) 9(5) 49(7) 25(6) 3(5) -6(4) -8(5)
C(7) 10(5) 36(6) 29(6) -1(5) 4(4) -4(4)
B(l) 24(7) 31(7) 35(7) -8(6) 10(6) -4(5)
0(1) 23(6) 38(6) 20(6) 3(5) 6(4) 4(5)
0(5) 25(6) 34(6) 17(5) 4(4) 4(4) -1(5)
(table cont.)
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C(3) 25(5) 30(6) 23(5) 6(5) 5(4) 2(5)
C( 12) 35(7) 20(5) 47(7) 7(5) 3(6) 7(5)
C(4) 28(6) 22(5) 33(6) 7(5) 7(5) -2(4)
C(13) 27(6) 33(6) 29(6) 3(5) 6(5) 2(5)
C( 18) 19(5) 37(6) 11(5) 3(4) -5(4) -5(4)
C(9) 17(5) 32(6) 23(5) 3(5) 5(4) 6(5)
C (ll) 28(6) 33(6) 26(6) -7(5) 12(5) -10(5)
C(16) 10(5) 52(7) 26(6) 0(5) 6(4) -6(5)
C(19) 12(5) 39(6) 28(6) -2(5) 8(4) -6(4)
C(6) 18(5) 43(7) 30(6) -3(5) 4(5) 12(5)
O(IS) 29(5) 63(7) 117(9) -2(6) -25(6) -6(5)
C(3S) 29(7) 67(9) 62(9) -24(8) 14(7) 2(7)
C(2S) 71(10) 38(7) 70(10) -16(7) 33(8) -22(7)
C(4S) 97(15) 40(9) 170(20) 28(11) -64(14) -10(9)
0(2S) 58(6) 47(5) 64(6) -11(5) 8(5) -7(5)
0(4S) 56(6) 56(6) 49(6) 10(5) -19(5) -11(5)
0(3S) 68(7) 55(6) 66(7) 9(5) -6(5) -9(5)
C(8S) 43(8) 44(7) 48(8) 23(6) -11(7) -1(6)
C(7S) 58(9) 49(8) 58(9) -3(7) -7(7) -7(7)
C(6S) 91(13) 56(10) 106(15) -3(9) 20(11) -31(9)
A.5. Hydrogen coordinates ( x 104) and isotropic displacement parameters (A2x 
IQ2) for 6.1.
x y z U(eq)
H(10) -2801 1198 3085 28
H(15) -1863 1986 5015 34
H(7) 586 1640 3666 30
H (l) -1141 2680 4245 32
H(4) 1432 4030 3874 33
H(13) -390 879 4499 35
H(18) 1154 2449 5951 27
(table cont.)
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H(16) -1718 2005 5935 35
H(19) 981 2443 5005 31
H(60) 2590(90) 3640(60) 3180(50) 10(40)
H(50) 290(90) 4070(60) 4400(50) 40(40)
H(40) -2320(110) 2270(80) 3290(60) 40(60)
H(30) -2950(120) 50(80) 3060(60) 70(50)




















Max. and min. transmission 
Refinement method 










a = 15.177(2) A a =  85.61(2)°.
b = 15.560(2) A P= 73.44(2)°.
c = 19.089(3) A y = 84.32(2)°.
4294(1) A3 
2
1.15 M g/m 3  
0.235 mm“l 
1572
0.24 x 0.20 x 0.15 mm^
2.5 to 26.98°.
-19<=h<=19, 0<=k<=19, -24<=l<=24 
19385
18681 [R(int) = 0.031]
Psi_scans 
1.0000 and 0.9640 
Full-matrix least-squares on F^
8723 / 0 / 890
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Goodness-of-fit on
Final R indices [I>2sigma(I)]
R indices (all data)
Absolute structure parameter 
Largest diff. peak and hole
7.438
R1 = 0.214, wR2 = 0.211 
R1 =0.366, wR2 = 0.256 
?
1.824 and -0.338 e.A“3
A.7. Atomic coordinates ( x 104) and equivalent isotropic displacement parameters
(A2x 103) for 6.2. U(eq) is defined as one third of the trace of the orthogonalized UU 
tensor.
x y z U(eq)
S(l) 5215(4) 5534(4) 7399(5) 121(3)
S(2) 74(4) 7252(5) 9179(3) 94(2)
S(3) -264(4) 10256(4) 7407(4) 99(2)
S(4) 5255(4) 2715(6) 5446(4) 149(3)
S(5) 3040(20) 2620(20) 7380(10) 100(8)
S(6) 2965(8) 3210(8) 7455(6) 112(4)
S(7) 2677(4) 9452(5) 7469(3) 48(2)
S(8) 2030(10) 8950(10) 7500(10) 42(5)
S(9) 2004(7) 10778(7) 4627(7) 42(4)
S(10) 1483(4) 10332(4) 4877(4) 29(2)
0(1) 6970(7) 11780(7) 9606(5) 33(3)
0(2) 7600(7) 8759(7) 10110(6) 37(3)
0(3) 6949(9) 6470(8) 9651(6) 55(4)
0(4) 4398(8) 6763(7) 11832(5) 40(4)
0(5) 5886(8) 7790(10) 5962(6) 89(5)
0(6) 4411(8) 7722(9) 6656(6) 59(4)
0(7) 5929(6) 10217(6) 5273(5) 23(3)
0(8) 4403(7) 10102(7) 6009(5) 31(3)
0(9) 10609(8) 1993(7) 3156(6) 51(4)
0(10) 8124(7) 1789(6) 5377(5) 29(3)
0(11) 7343(7) 4252(8) 4919(6) 56(4)
(table cont.)
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0(12) 8033(8) 7076(7) 5408(8) 69(5)
0(13) 10717(8) 2195(9) 8368(7) 68(5)
0(14) 9151(7) 2347(7) 9060(6) 44(4)
0(15) 10700(20) 4860(10) 8970(10) 170(9)
0(16) 9120(10) 4600(10) 9709(8) 141(8)
0(17) 10060(20) 9540(10) 9680(10) 170(10)
0(18) 2530(20) 6180(20) 7740(10) 190(10)
0(19) 640(30) 3930(30) 9060(20) 350(20)
0(20) 3030(20) 4700(20) 6660(10) 260(10)
0(21) 4060(20) 4670(20) 5490(20) 240(10)
0(22) 12420(10) 5605(9) -3130(10) 150(10)
0(23) 2660(10) 2330(10) 5780(10) 121(7)
0(24) 1230(10) 850(10) 9139(8) 80(5)
0(25) 2980(20) 6120(20) 980(10) 220(10)
0(26) 513(8) 7763(9) 9554(7) 77(5)
0(27) 2357(8) 7985(8) 9210(7) 57(4)
0(28) 2182(6) 9767(7) 5042(6) 32(3)
0(29) 48(7) 9387(6) 7138(6) 34(3)
0(30) -830(20) 10080(20) 8270(20) 270(20)
0(31) 3476(9) 5457(9) 10069(8) 73(5)
0(32) 2873(7) 6112(7) 10211(6) 46(4)
0(33) 4030(10) 6300(10) 9510(10) 156(9)
0(34) 4841(9) 4773(9) 7894(7) 70(4)
0(35) 12950(20) 7090(20) -2110(20) 250(10)
C (l) 6760(10) 9210(10) 9272(8) 29(4)
C(2) 6390(10) 9890(10) 8869(8) 25(5)
C(3) 6483(9) 10740(10) 8962(8) 24(5)
C(4) 6907(9) 10930(10) 9493(8) 21(4)
C(5) 7300(10) 10300(10) 9848(8) 31(5)
C(6) 7238(9) 9400(10) 9753(7) 22(4)
C(7) 6110(10) 11480(10) 8549(7) 23(4)
C(8) 5865(9) 11178(9) 7881(7) 17(4)
C(9) 6460(10) 11310(10) 7180(8) 22(4)
C(10) 6284(9) 11006(9) 6584(7) 21(4)
C (ll)  5509(9) 10577(9) 6648(8) 17(4)
(table cont.)
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C(12) 4935(9) 10420(10) 7339(8) 21(4)
C(13) 5080(10) 10740(10) 7949(8) 29(5)
C(14) 6660(10) 8220(10) 9174(8) 27(4)
C(15) 6030(10) 7860(10) 9880(8) 29(5)
C(16) 5290(10) 8350(10) 10342(8) 27(5)
C(17) 4725(9) 7990(9) 10990(7) 20(4)
C(18) 4930(10) 7150(10) 11175(8) 40(5)
C(19) 5680(10) 6600(10) 10735(8) 37(5)
C(20) 6230(10) 6950(10) 10105(9) 47(6)
C(21) 6260(10) 8140(10) 8540(8) 34(5)
C(22) 5320(10) 8150(10) 8634(9) 37(5)
C(23) 4980(10) 8100(10) 7996(9) 34(5)
C(24) 5590(10) 7950(10) 7301(8) 26(5)
C(25) 6560(10) 7910(10) 7251(8) 27(5)
C(26) 6897(9) 7998(9) 7836(7) 18(4)
C(27) 8227(9) 4400(10) 5738(7) 20(4)
C(28) 8633(9) 4954(9) 6127(8) 17(4)
C(29) 8530(10) 5830(9) 6024(8) 23(5)
C(30) 8097(9) 6180(10) 5530(10) 38(5)
C(31) 7680(10) 5710(10) 5176(9) 45(6)
C(32) 7750(10) 4800(10) 5294(9) 41(5)
C(33) 8353(9) 3389(9) 5833(7) 16(4)
C(34) 8979(9) 3030(10) 5126(8) 22(4)
C(35) 9700(10) 3470(10) 4664(9) 31(5)
C(36) 10240(10) 3137(9) 4027(9) 29(5)
C(37) 10050(10) 2330(10) 3800(10) 50(6)
C(38) 9320(10) 1890(10) 4250(10) 43(5)
C(39) 8786(9) 2230(10) 4908(8) 21(4)
C(40) 8767(9) 3104(9) 6475(7) 16(4)
C(41) 9720(10) 2970(10) 6378(8) 24(4)
C(42) 10080(10) 2720(10) 6992(9) 31(5)
C(43) 9468(9) 2612(9) 7683(8) 19(4)
C(44) 8500(10) 2750(10) 7763(8) 28(5)
C(45) 8140(10) 3012(9) 7187(9) 27(5)
C(46) 8930(10) 6410(10) 6478(9) 34(5)
(table cont.)
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C(47) 9170(10) 5980(10) 7107(9) 31(4)
C(48) 9940(10) 5430(10) 7060(9) 51(6)
C(49) 10140(10) 5010(10) 7650(10) 62(6)
C(50) 9520(10) 5120(10) 8330(10) 58(6)
C(51) 8640(10) 5600(10) 8390(10) 65(7)
C(52) 8470(10) 6040(10) 7820(10) 56(6)
C(53) 2640(20) 6340(10) 6914(9) 83(7)
C(54) 3810(10) 5620(10) 277(9) 31(4)
C(55) -420(20) 7810(20) 8490(20) 150(10)
C(56) -1100(10) 7000(10) 9830(10) 71(8)
C(57) 2780(20) 8470(20) 7680(10) 120(10)
C(58) 1890(10) 9460(10) 8140(10) 61(7)
C(59) 2350(20) 10450(20) 7190(20) 140(10)
C(60) 2320(10) 9010(20) 6690(10) 88(9)
C(61) 2170(20) 10980(20) 4030(20) 180(10)
C(62) 990(20) 11110(10) 5440(20) 120(10)
C(63) -1440(30) 10470(30) 7910(20) 240(20)
C(64) -1230(20) 10650(20) 6890(20) 140(10)
C(65) 2170(10) 2600(20) 7254(9) 69(7)
C(66) 4460(20) 3020(20) 5270(10) 89(8)
C(67) 2840(30) 2450(30) 8340(20) 230(20)
C(68) 4170(40) 2520(40) 7190(30) 370(40)
C(69) 6260(10) 2560(10) 4780(10) 59(6)
C(70) 4620(20) 2260(20) 5320(10) 77(8)
C(71) 3000(30) 1690(30) 7570(20) 340(20)
C(72) 6330(10) 5550(20) 7350(20) 130(10)
C(73) 2709(9) 5160(10) 9920(8) 21(4)
B(l) 5280(10) 10300(10) 5960(10) 25(5)
B(2) 5260(10) 7840(10) 6630(10) 35(5)
B(3) 9790(10) 2380(10) 8380(10) 34(5)
B(4) 9640(20) 4720(20) 9080(20) 110(10)
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C(89)-S (2 A)-C(96) 89(1)
S(3 A)-S (3)-0( 16) 87.8(8)
S(3A)-S(3)-C(97) 85(1)
0(16)-S(3)-C(97) 118(1)
0 (  16)-S (3 )-C( 101) 101(1)
C(97)-S(3)-C(101) 101(1)
S(3)-S(3A)-C(101) 121(2)












S (7)-S (7 A)-C( 105) 87(2)
S (7)-S (7 A)-C( 109) 97(3)















C(36)-C(20)-B (7 5) 120(1)
C(52)-C(20)-B(75) 121(1)

































































































































Symmetry transformations used to generate equivalent atoms: #1 
#2 -x+l,-y+2,-z+2

















a = 20.2150(5) A c
x+2,-y+l,-z+l
:= 90°
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b = 15.3560(4) A 0= 90.6970(13)°.
c = 26.4230(7) A y = 90°
Volume 8201.7(4) A3
Z 4
Density (calculated) 1.345 Mg/m3
Absorption coefficient 0.270 mm- l
F(000) 3520
Crystal size 0.40 x 0.25 x 0.12 mm3
Theta range for data collection 2.55 to 28.32°.
Index ranges 0<=h<=25, 0<=k<=20, -35<=1<=
Reflections collected 18894
Independent reflections 18894
Completeness to theta = 28.32° 92.5%
Max. and min. transmission 0.9684 and 0.8998
Refinement method Full-matrix least-squares on F^
Data / restraints / parameters 1 8 8 9 4 /0 /94 2
Goodness-of-fit on 2.176
Final R  indices |I>2sigma(I)] R1 = 0.1877, wR2 = 0.5324
R indices (all data) R1 = 0.2247, wR2 = 0.5433
Largest diff. peak and hole 3.014 and-1.915 e.A"3
A.10. Atomic coordinates ( x 104) and equivalent isotropic displacement parameters 
(A2x 103) for 6.4. U(eq) is defined as one third of the trace of the orthogonalized 
tensor.
X y z U(eq)
0(1) 1219(3) 4786(4) 9116(2) 33(1)
0(2) 1140(3) 1875(4) 8430(2) 32(1)
0(3) 3774(2) 7194(3) 8532(2) 27(1)
0(4) 1399(3) 7211(3) 8550(2) 30(1)
0(5) 3745(3) 1822(3) 8398(2) 25(1)
0(6) 3989(3) 4725(4) 9076(2) 32(1)
(table cont.)
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0(7) 1227(3) 762(4) 7037(2) 33(1)
0(8) 3608(3) 700(4) 7033(2) 33(1)
0(9) -285(3) 6093(4) 5929(2) 35(1)
0(10) 791(3) 5986(5) 5620(2) 45(2)
0(11) 4342(3) 6003(5) 5642(2) 42(2)
0(12) 5450(3) 5918(4) 5948(2) 39(2)
0(13) 4106(3) 4155(5) 5037(2) 41(2)
0(14) 5180(3) 3965(4) 5311(2) 38(1)
0(15) 664(3) 3907(5) 5054(2) 40(2)
0(16) -400(3) 3963(5) 5374(2) 42(2)
B (l) 378(5) 6008(6) 6030(3) 33(2)
B(2) 4794(5) 5945(6) 6037(3) 28(2)
B(3) 4528(5) 3924(6) 5436(3) 28(2)
B(4) 265(5) 3841(6) 5465(4) 31(2)
C (l) 1228(3) 3081(4) 7880(2) 17(1)
C(2) 1276(3) 3973(5) 7822(2) 20(1)
0(3) 1271(3) 4557(5) 8227(2) 20(1)
C(4) 1218(4) 4205(5) 8717(2) 23(2)
C(5) 1168(4) 3315(5) 8792(3) 28(2)
C(6) 1171(4) 2753(5) 8380(3) 23(2)
C(7) 1293(4) 5544(5) 8146(3) 22(2)
C(8) 1962(4) 5947(5) 8278(3) 22(2)
0(9) 2563(3) 5529(5) 8184(2) 21(2)
0(10) 3178(4) 5944(5) 8258(2) 21(1)
0(11) 3177(4) 6794(5) 8449(3) 21(1)
0(12) 2594(4) 7220(5) 8549(3) 23(2)
0(13) 1983(3) 6801(5) 8466(3) 23(2)
0(14) 3832(4) 5506(5) 8135(2) 21(1)
0(15) 3814(3) 4515(5) 8199(3) 20(1)
0(16) 3748(3) 3949(5) 7790(3) 22(2)
0(17) 3742(3) 3052(5) 7844(3) 20(1)
0(18) 3791(3) 2701(4) 8340(3) 19(1)
0(19) 3870(4) 3267(5) 8759(3) 22(2)
C(20) 3888(4) 4172(5) 8680(3) 24(2)
0(21) 3706(4) 2402(5) 7394(3) 24(2)
(table cont.)
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C(22) 3056(3) 1954(5) 7339(3) 21(1)
C(23) 2456(3) 2342(5) 7456(3) 23(2)
C(24) 1835(4) 1970(5) 7366(3) 24(2)
C(25) 1835(4) 1130(5) 7138(3) 26(2)
C(26) 2407(4) 701(5) 7032(3) 29(2)
C(27) 3019(4) 1118(5) 7128(3) 26(2)
C(28) 1195(3) 2428(5) 7440(3) 22(2)
C(29) 1066(3) 5768(4) 7614(3) 20(1)
C(30) 1505(4) 5936(5) 7220(3) 31(2)
C(31) 1287(4) 6017(5) 6720(3) 28(2)
C(32) 622(4) 5941(5) 6590(3) 28(2)
C(33) 170(4) 5796(5) 6984(3) 25(2)
C(34) 390(4) 5721(5) 7480(3) 26(2)
C(35) 4073(4) 5726(5) 7595(2) 21(2)
C(36) 3625(4) 5869(5) 7194(3) 23(2)
C(37) 3860(4) 5937(5) 6702(3) 29(2)
C(38) 4524(4) 5914(5) 6593(3) 27(2)
C(39) 4968(4) 5797(5) 7005(3) 29(2)
C(40) 4736(4) 5717(5) 7500(3) 26(2)
C(41) 3911(4) 2846(5) 6909(3) 22(2)
C(42) 4569(4) 2848(5) 6751(3) 28(2)
C(43) 4758(4) 3224(6) 6298(3) 35(2)
C(44) 4311(4) 3605(5) 5973(3) 27(2)
C(45) 3656(4) 3638(6) 6120(3) 32(2)
C(46) 3454(4) 3263(5) 6580(3) 28(2)
C(47) 947(4) 2851(4) 6944(3) 22(2)
C(48) 1372(4) 3335(5) 6630(3) 30(2)
C(49) 1159(4) 3653(5) 6169(3) 28(2)
C(50) 503(4) 3561(5) . 6010(3) 27(2)
C(51) 83(4) 3117(7) 6328(3) 38(2)
C(52) 302(4) 2771(6) 6794(3) 37(2)
S(l) 1281(1) 8341(1) 6746(1) 45(1)
S(2) 3733(1) 8290(1) 6697(1) 43(1)
S(3) 4586(1) 10732(2) 5357(1) 44(1)
S(4) 680(90) 1710(110) 5490(90) 1720(160)
(table cont.)
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S(5) 2009(2) 2264(3) 5047(1) 66(1)
S(6) 2821(2) 9480(3) 5225(2) 87(1)
S(7) 3001(3) 4730(3) 3773(2) 35(1)
S(8) 2550(5) 4688(4) 3691(3) 66(2)
S(9A) 499(2) 1356(2) 5348(1) 56(1)
S(9B) 2364(19) 2530(20) 5065(14) 124(10)
O(IS) 4144(4) 11105(5) 4952(3) 56(2)
0(2S) 2678(4) 5382(5) 4131(2) 52(2)
0(3S) 2798(3) 4534(6) 5074(3) 62(2)
0(4S) 3657(4) 6604(6) 4300(4) 72(3)
0(5S) 1332(4) 9263(4) 6556(3) 49(2)
0(6S) 3311(4) 9050(5) 6798(4) 72(3)
0(7S) 3207(6) 7253(10) 5375(6) 153(8)
0(8S) 819(9) 694(6) 5013(3) 136(6)
0(9S) 1525(5) 6271(10) 4031(8) 180(9)
O(IOS) 2157(5) 5947(10) 5625(3) 105(4)
0(1 IS) 1904(4) 3240(7) 5060(3) 71(3)
0(12S) 3359(6) 8949(11) 5385(5) 121(5)
C(1S) 5303(5) 11444(7) 5387(4) 49(2)
C(2S) 2341(8) 1951(11) 5662(6) 84(4)
C(3S) 4202(6) 11036(9) 5930(4) 63(3)
C(4S) 2638(7) 9345(17) 4563(6) 120(8)
C(5S) 4207(10) 8078(10) 7250(5) 95(5)
C(6S) 465(6) 8189(9) 7003(6) 74(4)
C(7S) 3281(9) 5227(11) 3271(5) 91(5)
C(8S) 330(8) 728(12) 5916(6) 87(4)
C(9S) 4409(9) 8642(12) 6310(7) 98(5)
C(10S) 1721(9) 8354(12) 7355(7) 99(5)
C(US) 2097(13) 9082(17) 5527(9) 145(9)
C(12S) 2711(8) 2132(14) 4659(8) 108(7)
C(13S) 1757(14) 4914(17) 3312(12) 158(11)
C(14S) -169(16) 1560(20) 5109(14) 176(11)
C(15S) 2346(11) 4344(17) 3444(10) 119(7)
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C(9)-C( 10)-C( 14-) 122.5(6)
0(3)-C(l 1)-C(12) 120.7(6)
0(3)-C(l 1)-C(10) 118.0(6)





C( 10)-C( 14)-C( 15) 113.2(6)


























































C(37)-C(3 8)-B (2) 123.0(7)










































S (9B)-S (5)-C( 12S) 52(3)
0 (1 1S)-S(5)-C(12S) 103.9(8)
S (9B )-S(5)-C(2S) 76(3)






























S (5)-S (9B )-C( 12S) 101(3)
S(5)-S(9B)-0(1 IS) 79(3)
C(12S)-S(9B)-0(1 IS) 130(3)
S (5)-S (9B )-C(2S) 77(3)
C(12S)-S(9B)-C(2S) 118(2)
0 (1 1S)-S(9B)-C(2S) 111(2)
S(7)-0(2S)-S(8) 34.8(3)
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A.12. Anisotropic displacement parameters (A2x 103)for 6.4. The anisotropic 
displacement factor exponent takes the form: -2tt[ h2a*2U n + ... + 2 h k a* b* U12 ]
U ll  u 22 U33 U23 U 13 U 12
0(1) 58(4) 26(3) 13(2) -4(2) -3(2) -6(3)
0(2) 49(3) 26(3) 22(3) 2(2) 6(2) -3(3)
0(3) 27(3) 20(3) 33(3) 0(2) -4(2) -3(2)
0(4) 32(3) 24(3) 34(3) -5(2) 2(2) 4(2)
0(5) 34(3) 19(3) 22(2) 5(2) 4(2) 1(2)
0(6) 49(3) 28(3) 18(2) -5(2) -8(2) 2(3)
0(7) 25(3) 28(3) 46(3) -12(3) -3(2) -6(2)
0(8) 30(3) 26(3) 43(3) -4(2) 6(2) 7(2)
0(9) 36(3) 50(4) 19(3) -1(2) -5(2) 13(3)
0(10) 45(3) 73(5) 17(3) 0(3) -2(2) 13(3)
0(11) 48(4) 56(4) 21(3) -2(3) 0(3) 1(3)
0(12) 43(3) 56(4) 17(3) -10(3) 4(2) -15(3)
0(13) 35(3) 69(5) 18(3) 6(3) 0(2) -8(3)
0(14) 35(3) 45(4) 33(3) 1(3) 8(3) 0(3)
0(15) 42(3) 57(4) 21(3) -4(3) -2(2) 8(3)
0(16) 36(3) 63(4) 26(3) 1(3) 0(3) 13(3)
B(l) 56(6) 27(5) 16(4) -7(3) -6(4) 16(4)
B(2) 37(5) 28(5) 20(4) 2(3) -2(4) -9(4)
B(3) 35(5) 31(5) 17(4) 6(3) 4(3) 2(4)
B(4) 39(5) 29(5) 26(4) 0(4) -6(4) 4(4)
C(l) 22(3) 18(3) 11(3) 1(2) 3(2) 1(3)
0(2) 24(3) 25(4) 12(3) -1(3) -5(3) 2(3)
C(3) 28(4) 21(3) 9(3) 1(3) 0(3) -2(3)
C(4) 33(4) 28(4) 7(3) -4(3) 2(3) 1(3)
0(5) 38(4) 32(4) 15(3) 8(3) -4(3) -3(3)
0(6) 25(4) 29(4) 15(3) 5(3) 3(3) 1(3)
0(7) 33(4) 18(3) 14(3) -5(3) -1(3) 4(3)
0(8) 29(4) 25(4) 12(3) 1(3) 2(3) 3(3)
0(9) 23(3) 30(4) 11(3) 4(3) -1(3) 5(3)
0(10) 32(4) 21(3) 10(3) 1(3) -2(3) -1(3)
(table cont.)
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C(11) 28(4) 24(4) 13(3) 0(3) 0(3) -5(3)
C(12) 29(4) 16(3) 22(3) 0(3) -5(3) -2(3)
C(13) 23(3) 23(4) 25(4) 4(3) -1(3) 3(3)
C(14) 31(4) 20(3) 11(3) 10(3) -1(3) 1(3)
C(15) 26(3) 18(3) 18(3) 5(3) 2(3) -2(3)
C(16) 17(3) 21(4) 29(4) 4(3) 0(3) 5(3)
C(17) 20(3) 23(4) 17(3) 0(3) 0(3) 3(3)
C(18) 21(3) 18(3) 17(3) 7(3) -1(3) 3(3)
C(19) 30(4) 24(4) 13(3) 4(3) -4(3) 1(3)
C(20) 28(4) 22(4) 21(3) -1(3) -6(3) 0(3)
C(21) 33(4) 22(4) 17(3) -3(3) 2(3) 3(3)
C(22) 26(4) 18(3) 17(3) 4(3) 0(3) 1(3)
C(24) 29(4) 27(4) 16(3) 1(3) 0(3) -6(3)
C(25) 27(4) 29(4) 22(3) 2(3) 6(3) -7(3)
C(26) 43(5) 13(3) 30(4) 1(3) -1(3) -4(3)
C(27) 24(4) 27(4) 27(4) -5(3) 2(3) 1(3)
C(29) 28(4) 12(3) 19(3) 0(3) -4(3) 5(3)
C(30) 32(4) 31(4) 28(4) -1(3) 6(3) 5(3)
C(31) 33(4) 30(4) 20(4) 1(3) -1(3) 5(3)
C(32) 37(4) 29(4) 16(3) 3(3) -4(3) 12(3)
C(33) 38(4) 19(4) 17(3) -4(3) -3(3) 5(3)
C(34) 29(4) 21(4) 27(4) 0(3) 3(3) 2(3)
C(35) 34(4) 19(3) 11(3) -2(3) -3(3) -6(3)
C(36) 38(4) 22(4) 10(3) 6(3) 4(3) 5(3)
C(37) 42(4) 33(4) 13(3) 5(3) 0(3) -3(4)
C(38) 40(4) 23(4) 17(3) -2(3) 2(3) 1(3)
C(39) 37(4) 35(4) 15(3) -2(3) 4(3) -10(4)
C(40) 33(4) 32(4) 14(3) 2(3) -2(3) -3(3)
C(41) 27(4) 20(3) 18(3) 4(3) -2(3) 1(3)
C(42) 33(4) 30(4) 22(4) 2(3) 1(3) -2(3)
C(43) 38(4) 39(5) 26(4) 8(4) 6(3) -9(4)
C(44) 33(4) 28(4) 20(3) 1(3) -3(3) 1(3)
C(45) 36(4) 35(4) 24(4) 8(3) 10(3) -3(4)
C(46) 32(4) 34(4) 17(3) 7(3) 3(3) 4(3)
C(47) 37(4) 16(3) 14(3) -4(3) -1(3) 1(3)
(table cont.)
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C(48) 30(4) 32(4) 29(4) 1(3) -7(3) -5(3)
C(49) 37(4) 29(4) 17(3) 5(3) 0(3) -5(3)
C(50) 34(4) 30(4) 17(3) -3(3) 0(3) 6(3)
C(51) 28(4) 53(6) 31(4) 7(4) -7(3) -9(4)
C(52) 34(4) 55(6) 22(4) 4(4) 1(3) -5(4)
S (l) 48(1) 24(1) 63(2) -4(1) 14(1) -6(1)
S(2) 47(1) 24(1) 59(2) -7(1) -4(1) 7(1)
S(3) 64(2) 39(1) 27(1) -5(1) -12(1) KD
S(5) 49(2) 98(3) 50(2) -13(2) -2(1) -7(2)
S(6) 109(3) 90(3) 60(2) -23(2) 10(2) -10(2)
S(7) 31(2) 34(2) 39(2) -10(2) -5(2) 3(2)
S(8) 113(6) 31(3) 56(4) -2(3) -2(4) 8(4)
O(IS) 79(5) 56(4) 31(3) -7(3) -20(3) 16(4)
0(2S) 79(5) 46(4) 30(3) 6(3) 2(3) 13(4)
0 (3  S) 48(4) 96(6) 42(4) 19(4) 5(3) 19(4)
0(4S) 48(4) 79(6) 90(7) 44(5) 1(4) 1(4)
0(5S) 62(4) 28(3) 57(4) -9(3) 12(3) -7(3)
0(6S) 48(4) 34(4) 134(9) -10(5) -11(5) 7(3)
0(7S) 118(9) 176(13) 161(13) 117(11) -104(9) -89(9)
0(8S) 311(18) 58(6) 40(5) -15(4) 91(8) -15(8)
0(9S) 61(6) 168(12) 310(20) 202(15) 58(9) 33(7)
O(IOS) 61(5) 212(13) 43(5) -22(6) 11(4) 43(7)
O (llS ) 48(4) 103(7) 63(5) 18(5) 9(4) 35(4)
0(12S) 82(7) 193(14) 87(8) 13(9) -19(6) -17(8)
C(1S) 63(6) 37(5) 47(6) -11(4) -13(5) -3(5)
C(2S) 103(10) 81(10) 67(9) -18(7) -25(8) 19(8)
C(3S) 86(8) 78(8) 25(5) -8(5) 1(5) -14(7)
C(4S) 66(8) 240(20) 51(8) -61(12) -6(7) -7(11)
C(5S) 168(16) 60(8) 56(8) -11(7) -46(9) 18(10)
C(6S) 63(7) 64(8) 95(10) -14(7) 21(7) -19(6)
C(7S) 127(12) 96(11) 52(7) -11(7) 27(8) 54(10)
C(8S) 98(10) 107(12) 55(8) -16(8) 6(7) -21(9)
C(10S) 101(11) 117(14) 79(10) 19(9) -38(9) -31(10)
C(11S) 152(19) 160(20) 126(18) 4(15) 85(16) -26(16)
(table cont.)
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C(12S) 71(9) 146(17) 109(14) 24(12) 47(10) 30(10)
C(13S) 170(20) 125(19) 180(30) 51(19) 50(20) 45(17)














































C(9)-C( 10)-C( 14)-C(35) 93.9(8)
C(10)-C(14)-C(15)-C(20) -80.6(8)
C(35)-C(14)-C(15)-C(20) 153.3(6)












C( 16)-C( 15)-C(20)-O(6) 176.5(6)
C(14)-C(15)-C(20)-O(6) -1.5(10)
C( 16)-C( 15)-C(20)-C( 19) -2.6(11)
C( 14)-C( 15)-C(20)-C( 19) 179.5(6)
C( 18)-C( 19)-C(20)-O(6) -177.5(6)
C(18)-C(19)-C(20)-C(15) 1.6(11)
(table cont.)
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C(16)-C(17)-C(21)-C(22) -108.«0(8)





























































0 (  12)-B (2)-C(3 8)-C(37) -179.7(8)
0(11)-B(2)-C(38)-C(37) 0.3(12)
0 (  12)-B (2)-C(3 8)-C(39) -4.2(12)




C( 14)-C(3 5)-C(40)-C(39) 171.4(7)
C(38)-C(39)-C(40)-C(35) 1.8(12)
C(22)-C(21 )-C(41 )-C(46) 36.9(10)
C(17)-C(21)-C(41 )-C(46) -91.1(9)
(table cont.)
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C( 14S)- S(4)-S(9 A)-C(8S)
0(8S)-S(4)-S(9A)-C(8S)
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C(12S)-S(9B)-C(2S)-S(5)
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